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(Whether or not I will be alive tomorrow 
I obviously do not know. But I know for certain 
that if I am alive tomorrow, I will drink tea.)
SUMMARY
A reverse phase gradient elution HPLC method using 3 pm ODS has been 
developed to separate over 40 pigmented polyphenols from a black tea liquor 
with detection at 450 nm. Four of these peaks were identified as the well 
characterised compounds, theaflavin, theaflavin-3-monogallate, 
theaflavin-3’-monogallate and theaflavin-3,3’-digallate. Diode array spectral data 
indicated that the remaining peaks belong to the previously poorly characterised 
thearubigin (TR) class of compounds. The HPLC method has been applied to 
both green and black tea liquors and further demonstrated that these 
non-theaflavin peaks were not untransformed green tea polyphenols such as 
flavonol glycosides, but were products of fermentation. In addition, the HPLC 
profiles obtained for black tea liquors showed a noticeable rising baseline and 
suggested the presence of TR material beyond the resolution capabilities of the 
HPLC system. By combining the HPLC method with an in vitro model 
fermentation system, containing different combinations of the six major green 
tea catechins (flavan-3-ols) and tea PPO, the formation and transformation of 
TF and TR have been studied. The effects of varying fermentation time, oxygen 
tension, pH and temperature were investigated. It was observed that in vitro 
oxidations yielded products very similar to those separated from a black tea 
liquor and thus acted as a good model for in vivo black tea fermentation. 
Moreover, the rising baseline observed from analysis of black tea liquors could 
also be produced from the model system studies.
In vitro oxidation of single catechins showed that many of the resolvable TR 
compounds arose from the gallocatechins (epigallocatechin gallate and 
epigallocatechin), whereas unresolvable TR material, observed as a rising
baseline on the HPLC profile, were obtained from the simple catechins 
(epicatechin and catechin). However, it could not be explained why the simple 
catechin gallate, epicatechin gallate, did not produce an equivalent baseline rise. 
Varying pH and temperature had little effect on the oxidation of the simple 
catechins, but a much greater effect on that of the gallocatechins.
Paired catechin oxidations led to the formation of tf, tfmg, tf ’mg and tfdg as 
well as TR. The greatest number of resolvable TR compounds arose from (EGCG 
+ EC) and (EGCG + ECG), whereas the greatest yields of unresolvable TR were 
obtained from (EGC + EC) and (EGCG + EC). These observations highlighted the 
importance of the relevant catechins used for paired oxidations in determining 
the extent to which resolvable and unresolvable TR is produced. The formation 
of unresolvable TR through coupled oxidation of TF with simple catechins was 
considered to relate to the molar ratio of gallocatechin to simple catechin. (EGC 
+ ECG) was the only model system where this ratio was greater than 1, 
indicating a deficit of the simple catechin and providing one explanation for this 
model system resulting in negligible production of unresolvable TR.
In vitro oxidation of catechin mixes, containing the six major catechins, showed 
that resolvable TR peaks, particularly those eluting in the first half of the 
HPLC profile, could be selectively increased or decreased by altering pH and 
temperature. These latter results further demonstrated the significant effect of 
pH and temperature on the rate at which simple and gallocatechins are 
differentially oxidised.
In vitro studies on the oxidation of individual TF compounds in the presence of 
EC showed a dramatic loss of TF and rise in baseline 5 -1 0  min after initiating
the reaction. These observations strongly suggested the role played by this simple 
catechin or rather it’s quinone in coupled oxidative breakdown of TF to produce 
non-resolvable TR.
The results from the in vitro oxidation studies highlight several important 
points. First, resolvable TR compounds are likely to arise from the catechins 
directly via their quinones or via intermediates prior to TF formation. Secondly, 
unresolvable TR compounds, probably of higher molecular weight, arise mainly 
from either the simple catechin quinones directly or via coupled oxidative 
breakdown of TF in which the simple catechin quinones act as electron carriers. 
Thirdly and most significantly, there is much greater potential to produce 
relatively pure TR compounds which can be isolated by preparative HPLC more 
easily from the soluble products of the model system than from a black tea 
liquor. Some preliminary structural studies were carried out on material isolated 
from both a black tea liquor and a model system fermentation. MS and NMR 
data obtained for Peak 13 from in vitro oxidation of EGCG are discussed, but 
remain inconclusive regarding it’s precise structure.
Suggestions for further work have been made. These include extending the 
model system studies to incorporate other substrates and enzymes and the 
further development of analytical methods better suited to investigating the 
nature of the materials responsible for the rising baseline.
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CHAPTER 1
1. INTRODUCTION
Tea undoubtedly originated in China, legend placing the introduction of tea 
drinking around 2737 BC, though the earliest credible mention is found in Erh 
Ya, an ancient Chinese dictionary of 350 AD. The first monograph on tea was 
published by Lu Yu in 780 AD, the product being described as a kind of cake 
made from steamed, crushed and moulded leaves. A flourishing trade eventually 
developed which led to tea cultivation in Japan. Several centuries later, in 1559, 
tea was brought to Europe and by the latter part of the 17th century, it had 
become a popular beverage served in numerous tea houses in London. From 
that time, growth of its popularity was rapid and today it is the most widely 
consumed beverage in the world.
1.1 BLACK TEA MANUFACTURE
The starting material for black tea is the tea plant Camellia sinensis, an 
evergreen shrub which in its natural state grows to a height of about 9 m, but in 
commercial tea cultivation is maintained at a height of 1 to 1.5 m by regular 
pruning. Pruning frequency varies from 3 to 6 years, the purpose of which is to 
encourage branching, revitalize the bush and facilitate leaf plucking. Plucking is 
usually done by hand at intervals of 6 to 9 days, depending on climate and other 
factors affecting regeneration of the shoots. There has been an increase in 
mechanised plucking in some areas, either using hand held shears, or automated 
plucking machines. Though quicker, these have the disadvantage of including the 
more mature leaves known to be of poorer quality. Tea of the highest quality is 
made from young shoots (flush) consisting of the tender bud and first two 
leaves. Very often, however, three or even four leaves are taken.
The manufacture of black tea and the generation of chemical constituents that 
are considered to determine liquor quality are essentially based on the following 
stages:
1.1.1 Withering
This stage is conducted predominantly to reduce moisture content prior to and in 
preparation for leaf maceration and is generally achieved by thinly spreading 
the flush on beds of nylon netting or more recently loading it into troughs. In 
the first instance, warm air usually circulates across the beds to facilitate 
moisture loss from the leaf by evaporation, whilst in the second, warm air is 
forced to circulate through the troughs, thus accelerating the process. Depending 
on the system chosen, the withering process can take from 6 to 18 hours, during 
which time the leaf moisture is reduced from around 75-80 % to 55-65 %, giving 
the leaf a "kid glove” feel.
For many years it was believed that physical conditioning (physical wither) of 
the leaf was the only purpose of withering. It is now known that a number of 
chemical changes (chemical wither) occur during this stage of tea manufacture, 
although the exact impact of such changes on tea quality remains a subject of 
much debate. In particular, it is suggested that withering has an important role 
in controlling the development of compounds that will ultimately influence the 
flavour and aroma of the tea brew or, perhaps more importantly, the character 
of the liquor as described by the tea taster. The process of withering has 
consequently become of great interest with respect to the volatiles of black tea.
1.1.2 Preconditioning
The preconditioning of withered tea leaf, still employed in a few countries using 
the Orthodox method of black tea manufacture, consists of rolling the green leaf 
for 10-15 minutes without the application of any pressure. The result of this is 
to impart the desired "twist" and compactness to the leaf whilst maximising the 
availability of polyphenol oxidase (PPO) to interact with catechins during the 
fermentation stage. This enzyme is located in discrete cells of the leaf epidermis 
and rolling under pressure produces a homogeneous layer of enzyme and 
substrate, thus ensuring full use of leaf PPO, which plays a central role in the 
subsequent stages of black tea processing.
1.1.3 Rolling
The rolling of green tea shoots facilitates the mixing of the leaf contents 
allowing reactions to proceed that are important in developing the characteristics 
of black tea. In the Orthodox method, the leaf is subjected to a circular rolling 
motion but now with the application of pressure. Several other machines have 
also been developed for this maceration stage. In the rotorvane, the leaf is 
passed through a cylindrical barrel with internal vanes and a rotating 
Archimedes screw. In the crush, tearing, curling (CTC) machine, preconditioned 
leaf is passed through a rotorvane and then fed between a pair of stainless steel 
rollers with etched surfaces, one rotating clockwise, the other anticlockwise at 
different speeds. Probably the most widely used equipment currently is the 
Lawrie Tea Processor (LTP). In this process, unwithered leaf is fed into a static 
barrel incorporating a series of blunt knives (hammers) revolving at high speed 
under centrifugal force. The close tolerance between these and the outer casing
chop the leaves into fine pieces which are blown out of the bottom.
During maceration some of the changes initiated during withering and 
preconditioning proceed at an accelerated rate as a result of the rise in 
temperature caused by frictional forces. In addition, reactions important to final 
black tea quality characteristics are initiated through more intimate mixing of 
the leaf constituents and air. Such reactions continue throughout rolling and are 
allowed to proceed to the desired extent during the subsequent fermentation 
stage of tea processing. (It is of interest to note that although the spelling of 
Lawrie is used on company headed paper, other spellings, especially Lowrie, are 
frequently encountered.)
1.1.4 Fermentation
Amongst the many reactions initiated by maceration of the tea shoots, perhaps 
the two most important are: the development of colour, strength and quality of 
tea brews from the production of non-volatiles through the enzymic oxidation of 
catechins (flavan-3-ols) by PPO in the presence of molecular oxygen: and the 
production of volatiles, responsible for the characteristic aroma of black tea. 
Rolled leaf is piled in layers 5-7.5 cm thick and allowed to stand exposed to the 
atmosphere under an approximate room temperature of 30 °C, relative 
humidity of 96-98 % and constant oxygen supply for periods of up to 3 hours 
depending on the type of tea being sought.
Historically, due to the evolution of carbon dioxide (CC^X black tea 
manufacture was thought to be a microbial fermentation involving 
CC^-producing microorganisms. This is now known to be incorrect, with the CO2
arising from reactions catalysed by endogenous enzymes, many of which (at least 
in model systems) use oxygen (C^) as the final hydrogen acceptor. Strictly 
therefore, the term fermentation should not be used, but in keeping with 
tradition and because in the leaf, it is possible that C> 2  is not always the final 
hydrogen acceptor, the term fermentation will be retained in this thesis.
1.1.5 Firing
Macerated leaf (dhool) having a moisture content of about 45-50 % is dried 
during this stage to produce a black tea containing around 3 % moisture. This is 
achieved by blowing hot air through the fermented leaf as it is transported on a 
conveyor belt. The temperature of the hot air at the inlet is 87-93 °C and that at 
the outlet 56-57 °C, the drying process normally taking around 20 minutes. 
More recently, fluidised bed drying has been applied to the firing of tea, using a 
temperature of 125 °C for 20 minutes.
The main purpose of firing is to arrest fermentation reactions by inactivating 
PPO and other enzymes. There is evidence, however, suggesting some 
acceleration of enzyme-mediated reactions during the initial stages of firing 
because some 10-15 % of the theaflavin content of black tea is formed during the 
first 10 min of firing (Wickremasinghe 1978). Other important changes occurring 
as a result of firing include the conversion of chlorophyll to pheophytin and 
subsequently pheophorbides, which contribute to the desired black appearance of 
black tea leaves. This reaction requires the elevated temperature of firing and is 
exacerbated by the acidic conditions of the leaf since it has been observed that 
freeze-drying, or raising the pH of the fermented leaf prior to firing, yields a 
brown product not acceptable to the tea trade. Prior to firing, the taste is harsh
and metallic, but this mellows on firing, the subsequent combination of 
polyphenols with leaf proteins reducing the astringency of the fermented leaf. 
Finally, firing is essential for the development of black tea aroma. Though some 
low boiling fresh leaf volatiles are lost, many new compounds that are 
considered important constituents of black tea aroma are formed, for example 
p-ionone (Sanderson et al. 1971; Kawashima and Yamanishi 1973), theaspirone 
and dihydroactinidiolide (Ina et al. 1968). Additionally, the pyrazines, pyridines 
and quinolines of tea are probably formed during firing as a result of 
interaction between free sugars and amino acids.
1.1.6 Grading
Grading is essentially the physical separation of different sizes of fired tea 
particles. The separation is achieved by using mechanically oscillating sieves 
fitted with meshes of varying sizes, the different grades of tea being defined by 
the mesh size. The major tea grades usually fall into four groups, referred to as 
leaves, broken, farmings and dust, grades such as Broken Orange Pekoe (B.O.P.), 
Broken Pekoe (B.P.) and Orange Pekoe (O.P.) being commonly found within the 
tea trade. The tea is finally cleaned by removing fine dust and fibre and passing 
the tea through a stalk extractor, working on the principle of electrostatic 
attraction. Each grade of tea is then packed in either the traditional foil-lined 
plywood chests or more recently, due to declining timber resources, foil 
laminated paper sacks, holding about 60 kg. The sack, usually of four ply paper 
incorporating an aluminium foil laminate, has several advantages over the chest, 
including handling, transportation, storage and production cost, without any 
obvious loss in the ability of this material to adequately protect the tea from 
moisture and tainting. These two factors are very important as they relate to the
final judgement on flavour and overall quality. At present, some 75 % of all tea 
shipped into the UK is now imported in sacks (Howard 1990).
1.1.7 Blending for the market place
The overall quality of black tea as a single or blended product has traditionally 
been assessed by highly skilled and experienced tasters. Over the years, these 
tasters have developed a bewildering glossary of terms (Stahl 1962), some of 
which have been peculiar to the individual, to describe the various quality 
attributes of the tea liquor produced from infusion of the black tea leaf with 
water. The result of such methods of assessment has been that many of the 
terms require considerable experience before their meanings can be fully 
understood and appreciated.
Despite the potential for all of these stages (1.1.1 - 1.1.7) of black tea manufacture 
to influence the market value of the final product, Roberts (1962) suggested that, 
in the simplest case, such market value could be best described using just five 
parameters: colour, strength, briskness, flavour and quality. Bondarovich et a l  
(1967) established reasonably well that it is the volatile complex that is 
responsible for the more subtle characteristics of flavour. Colour, strength and 
briskness, however, are much more closely related to the non-volatiles (Roberts 
1962).
The non-volatiles most highly correlated with black tea quality are the complex 
pigmented polyphenols, originally classified as theaflavins (TF) and thearubigins 
(TR) (Roberts 1958a,b; Roberts and Smith 1961, 1963; Wood and Roberts 1964). 
These classes of compounds are considered to be the products of enzymically
transformed green leaf constituents, in particular the flavan-3-ols, during black 
tea manufacture. The contribution of these TF and TR to the sensory 
characteristics of the liquor is thought to be influenced by their molecular 
weight distribution, degree of association with protein and complexation with 
caffeine. These polyphenols are therefore of major importance in determining 
the sensory parameters, especially mouthfeel and colour.
1.2 THE POLYPHENOLS OF GREEN TEA
Green tea leaf has a large content of phenolic compounds, by far the largest 
group of which are the flavan-3-ols, constituting approximately 30 % of the dry 
weight of green leaf; there is also a smaller content of non-flavonoid phenolic 
compounds. Though not yet fully understood, it is considered that these other 
minor residual compounds may also influence black tea quality as the 
flavan-3-ols are known to do.
1.2.1 Flavonoids of green tea
The term flavonoid was first proposed by Geissman and Hinreiner (1952) to 
describe all those compounds whose structure is based on that of flavone 
(2-phenyl-chromone) (Figure 1.1). The 15-carbon-atom skeleton may be regarded 
as being made up of two distinct units, the C^-Cg fragment containing the B ring 
and the Cg fragment (A ring). The structural entities are from different 
biosynthetic origins, the unit being from condensations of malonyl-CoA units 
and the C^-Cg unit from the shikimate pathway. Flavonoids may be further 
classified by the various oxidation states of the Cg side chain connecting the 
phenolic nuclei A and B. The types of flavonoids found in green tea are
described in the following sections.
/
3
O
7
6
5
Figure 1.1 - Structure of flavone (2-phenyl-chromone).
1.2.1.1 Flavan-3-ols (catechins) and their gallates
Six flavan-3-ols [(+)-catechin (C), (-)-epicatechin (EC), (-)-gallocatechin (GC), 
(-)-epigallocatechin (EGC), (-)-epicatechin gallate (ECG) and (-)-epigallocatechin 
gallate (EGCG)] represent approximately 80 % of the constituents present in 
green leaf. Those incorporating a 3,4 - hydroxylated B ring are often referred to 
as the simple catechins, whereas those with a 3,4,5 - hydroxylated B ring are 
referred to as the gallocatechins. Gallic acid esters of these catechins give rise to 
the catechin and gallocatechin gallates (Figure 1.2)
The catechins and gallocatechins, sometimes accompanied by structurally related 
compounds and/or their gallates, are the monomers found in the condensed 
tannins. Green tea leaf has been shown to contain several such dimers (Nonaka 
1983a,b, 1984), which on oxidative depolymerisation in hot mineral acid yield 
cyanidin and delphinidin, this being indicative of the presence of both catechin 
and gallocatechin units in the dimers.
1.2.1.2 Flavan-3,4-diols
The flavan-3,4-diols, leucocyanin and leucodelphinin (Figure 1.3), which usually 
occur as the 3-O-glucosides, have been suggested to be present in green tea by 
Roberts et al. (1956). They resemble the condensed tannins in that when heated 
in acid solution, they give significant yields of the corresponding anthocyanidin. 
For example, leucocyanin gives cyanidin. Recently, Porter et al. (1986) have 
modified the traditional method of determining the presence of these 
flavan-3,4-ols in providing a way of achieving reproducible and more 
quantitative yields of the corresponding anthocyanidin. This structure specific
analysis may be helpful in preliminary characterisation of the TR fraction and is 
discussed later in this chapter.
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Figure 1.2 - Structures of the flavan -3-ols (catechins).
leucocyanin ; = H, R2 = glucose  
leucode lph in in ;  R^OH, R2 = glucose
leucocyanid in ;  R^  = R2 = H 
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Figure 1.3 - Structures of the flavan-3, 4-diols, leucocyanidin and 
leucodelphinidin and their glucosides.
1.2.1.3 Flavonols and their glycosides
The major flavonols found in the green leaves of many plants are kaempferol, 
quercetin and myricetin (Figure 1.4). The combination of these flavonols with 
sugars to form the naturally occurring glycosides is important in providing sap 
solubility, stability to light and antioxidant activity. In addition, these glycosides 
are of interest because of their physiological activity in humans (Bertram 1989). 
The formation of mono-, di- and triglycosides involves the three monosaccharides 
glucose, rhamnose and galactose. Though a 7-O-glycoside has been mentioned 
(Mikaberidze and Moniava 1974), the sugar moiety is usually attached to the 
flavonol (aglycone) at position 3 (Finger et al. 1991).
Though discussed later on in this chapter, it is perhaps of interest to note here 
that the flavonol glycosides of green leaf are also found in black tea liquors. 
Moreover, they have been shown to contribute to the absorbance of black tea 
liquor and fractions thereof at 380nm, this wavelength being used to determine 
certain quality parameters (McDowell et al. 1990; Whitehead and Temple 1992).
1.2.1.4 Flavone glycosides
The flavones differ from the flavonols and the anthocyanidins in lacking a 
hydroxyl group at position 3 in the heterocyclic ring and in being able to form 
C-glycosides as well as O-glycosides. Of these, the more commonly found 
flavone-glycosides in tea include apigenin-8 -C-glucoside (vitexin), 
apigenin-6 -C-glucoside (isovitexin) and apigenin-6 ,8 -di-C-glucoside (vicennin) 
(Sakamoto 1969, 1970) as illustrated in Figure 1.5.
Kaempferol (R^ = R2  = H, = OH)
Quercetin (R^ = R3  = OH, R2  = H)
Myricetin (R^ = R2  = R3  = OH)
3 - O - glycosides ( R3  = glycosyl, involving glucose, 
rhamnose, galactose)
Figure 1.4 - Structures of the flavonol glycosides of kaempferol, quercetin and 
myricetin.
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apigenin-8 -C-glucoside (vitexin) (R^ = glucose, R2  = H) 
apigenin-6 -C-glucoside (isovitexin) (R^ = H, R2  = glucose) 
apigenin-6 , 8 -di-C-glucoside (vicennin) (R^ = R2  =  glucose)
Figure 1.5 - Structures of the flavone-C-glycosides vitexin, isovitexin and 
vicennin.
1.2.2 Non-flavonoid phenols of green tea
The major non-flavonoid phenols in green tea are esters of quinic acid. A major 
ester, theogallin (Figure 1.6a), is of particular interest due to its almost unique 
occurrence in tea, its relatively high level in tea flush and in some cases, a 
statistical correlation with black tea quality (Biswas et al. 1971). Though initially 
reported and identified as one of several possible galloyl esters of quinic acid 
(Cartwright and Roberts 1954; Roberts and Myers 1958), its structure as 5-galloyl 
quinic acid (IUPAC) was later determined by Stagg and Swaine (1971). Also 
present are the caffeoyl and p-coumaryl esters of quinic acid (Figure 1.6b), the 
caffeoyl quinic acids being collectively referred to as the chlorogenic acids 
(Roberts 1956; Cartwright and Roberts 1955).
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Figure 1.6 - Structures of theogallin and caffeoyl and p-coumaryl esters of 
quinic acid.
1.3 THE POLYPHENOLS IN BLACK TEA LIQUOR
The most extensively studied polyphenols of black tea have been the 
transformation products of green leaf polyphenols that are extracted into hot 
water during the normal infusion of black tea leaf. It is evident however, that 
some green leaf polyphenols survive untransformed during black tea 
manufacture and thus require some consideration with respect to the influence 
on liquor quality.
Historically, black tea polyphenols have been divided into two crude fractions, 
based on their ability to partition between the two phases of an ethyl 
acetate-water mixture (Bradfield and Penney 1944). Initial attempts to separate 
the individual polyphenols in each of these two fractions using paper 
chromatography (Roberts et al. 1957) revealed two concise yellow neutral spots 
from the ethyl acetate-soluble fraction and a large unresolved brown streak 
from the water-soluble fraction that was found to be acidic in nature. Further 
separation of the ethyl acetate-soluble fraction produced another unidentified 
group of pigments referred to as the SI fraction, the separated yellow pigments 
being referred to as the TF. The unresolved brown pigments from the original 
aqueous fraction were later separated by paper chromatography into two 
unidentified groups Sla and SII. In the absence of better separation techniques, 
SI, Sla and SII were amalgamated and collectively termed thearubigins (TR) 
(Roberts 1958a).
1.3.1 Theaflavins (TF)
The majority of tea chemistry research to date has concentrated on the TF, their
structures and chemistry of formation during fermentation being well 
understood (Roberts 1958c, Takino and Imagawa 1964; Brown et al. 1966, Bryce 
et al. 1970; Coxon et al. 1970c; Bryce et al. 1972; Collier et al. 1972). Now known 
to originate from the flavan-3-ols, the major TF are formed specifically by the 
oxidative transformation of two catechins (Takino and Imagawa, 1964), one of 
which has a dihydroxy B ring (a simple catechin), the other a trihydroxy B ring 
(gallocatechin) (Figures 1.7,1.8, Table 1.1). In addition, some theaflavic acids are 
formed by the combination of a catechin with gallic acid (Table 1.1, Figure 1.9).
Horspool (1969) established for the formation of the major TF that:
(a) there is no stereochemical scrambling of the f lavan-3-ols
(b) the seven-membered ring of the benztropolone system is created 
from the trihydroxy B rings of the parent flavan-3-ols.
(c) there is no coupling of the trihydroxy B ring to another 
trihydroxy B ring or a dihydroxy B ring to another dihydroxy B 
ring.
Coxon et al. (1970a,b) determined the approximate proportions of the TF in 
black tea to be theaflavin (18%), theaflavin-3-monogallate (8 %), 
theaflavin-3’-monogallate (20%), theaflavin-3,3’-digallate (40%) and the other 
quantitatively minor TF (4%), these levels varying with the conditions under 
which fermentation is carried out. The TF have been observed to absorb strongly 
at a number of regions within the UV and visible spectrum (Coxon et al. 
1970a,b,c; Collier and Mallows 1971a,b; Sant 1973) (Table 1.2). However, the most
well defined maximum at around 380nm is now known to be specifically related 
to the benztropolone nucleus of the TF structures, while a maximum at around 
460nm produces both the characteristic bright red colour of the crystalline 
compounds and the brightness of black tea liquors.
The importance of TF in determining tea quality was first established by 
Bradfield and Penney (1944) and later confirmed for Malawi teas by Hilton and 
Ellis (1972) who obtained good correlations between TF concentrations and the 
price realized at auction. Though representing only 1-5% of the total black tea 
solids, the TF have a major effect on colour, brightness and astringency of black 
teas. The positive relationship between TF and tea quality is particularly 
important because there are convenient procedures that increase the TF content. 
For example, the level of TF precursors may be increased by plant breeding 
(Hilton and Palmer-Jones 1973; Hilton et al. 1973 and Robertson 1983a) and the 
level of TF increased by modification of the manufacturing process (Robertson 
1983a,b; Van Lelyveld and De Rooster 1986). However, inconsistencies in the 
relationship between TF levels and quality of some teas indicated that other 
factors and possibly other black tea polyphenols from the TR group may also be 
contributing to liquor quality.
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Figure 1.7 - Proposed mechanism of theaflavin formation, based on the 
reported formation of purpurogallin from pyrogallol (Horner and 
Durckheimer 1959)
Table 1.1 - Synthesis of theaflavins and theaflavic acids from pairs 
of flavanols
Parent flavanols
Theaflavin Dihydroxy Trihydroxy Molecular weight
Theaflavin (-)-Epicatechin (-)-Epigallocatechin 564
Isothea flavin (—)-Epicatechm (4-)-Gallocatechin 564
Neo theaflavin (+)-Catechin (+)-GaIIocatechin 564
Theaflavin-3-gallate (—)-Epicatechin (—)-Epigallocatechin gallate 716
Theaflavin-3'-gallate (-)-Epicatechin gallate (—)-EpigallocatecKin 716
Theafiavin-3,3'-digallate (—)-Epicatechin gallate {—)-Epigallocatechin gallate 868
Epitheaflavic add (—)-Epicatechin (+)-Gallic add 416
Epitheaflavic add-3'-gallate (—)-Epicatechin gallate (+)-Callrc add 586
Theaflavic add (+)-Catechin (+)-Gallic add 416
Theaflavic add-3'-gallate (+)-Catechin gallate (+)-Gallic add 586
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Figure 1.8 - Structures of the theaflavins.
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Figure 1.9 - Structures of the theaflavic acids.
Table 1.2 - Absorption spectra ^max ( emax) ° f  the theaflavins and 
theaflavic acids in ethanol
Compound ^  max (E max)
Theaflavin 270(19 200) 294(16 800) 380(10 200) 465(3 850)
Isotheaflavin 270(18 800) 294(15 250) 378( 7 450) 467(2 700)
Neotheaflavin 270(14 300) 295(12 200) 378( 6 200) 465(2 450)
Theaflavin-3'-gallate 275(26 400) - 378( 9 320) 464(3 200)
Theaflavin-3-gallate 275(25 200) - 378(10 210) 465(3 850)
Theaflavin-3,3'-digallate
278(35 600) - 378( 9 200) 460(3 400)
Theaflavic acid 280(27 800) - 404(12 300) -
Epitheaflavic acid 280(24 100) - 400(11 000) -
Epitheaflavic acid-3'-
gallate - - - -
Theaflavic acid-3-gallate
1.3.2 An historical account of the separation, analysis and formation of 
thearubigins (TR)
The original classification of the rusty brown, weakly acidic pigments of the TR 
group was based on their separation into the SI TR, extracted from an aqueous 
infusion of black tea leaf into ethyl acetate and the Sla and SII TR remaining in 
the aqueous phase, the Sla group being more soluble in diethyl ether than the 
SII (Bradfield and Penney 1944; Roberts et al. 1957). As with the TF, the TR 
were originally thought to be a relatively small group of structurally related 
low molecular weight compounds (Bradfield and Penney 1944). Later however 
(Bradfield 1946), it was realized that there was considerable heterogeneity, with 
indications that some components were complex and probably unstable. Since 
this work in the late 1940’s / early 1950’s, extensive research on the chemistry of 
this group has still resulted in little progress in elucidating their structures and 
contribution to black tea quality. This has undoubtedly been the consequence of 
generally ineffective separation techniques, so that any structural analysis 
carried out has been on impure preparations and results have been difficult to 
interpret.
In general terms, teas with high TR:TF ratios are dull in colour and "soft" on the 
palate, whereas those with low TR:TF ratios, although bright and pungent, lack 
depth of colour and "body" (Roberts and Smith 1961; Ullah 1972). At 
approximately 20 % of the dry weight of black tea and 30-60 % of the total 
liquor solids, the coloured compounds of the TR class are clearly important to 
the sensory characteristics of black tea (Nakagawa 1969). Assessment by 
professional tea tasters of purified TF in aqueous solution has established that 
they have an astringent taste identifiable with the briskness of a tea liquor
(Sanderson et a l  1976). Recent studies however, suggest that such astringency is 
associated with the catechins and not the TF (Ding et al. 1992). Nevertheless, 
before the role of individual TR can be ascertained, their separation and 
chemical characterisation remain undoubted prerequisites.
1.3.2.1 Chromatography o f  TR
The separation of TR attempted by Roberts et al. (1957) using paper 
chromatography, though resulting in many compounds remaining unresolved, 
gave rise to the classification of the two groups SI and SII. The latter group was 
reported to consist of large molecular weight, non-dialysable material (Bradfield 
1946) which later was separated into at least three pigmented bands when 
chromatographed on Sephadex LH-20 (Millin et al. 1969) (Figure 1.10). Millin et 
al. (1969) had observed that the early eluting components, which were equated 
with Roberts’ SII TR (Figure 1.10), eluted in order of decreasing molecular 
weight. This fraction was also found to contain polysaccharides, proteins and 
nucleic acids which were inseparable from the polyphenolic constituents. Such 
non-dialysable material was considered analagous to other protein-polyphenol 
complexes identified in cured tobacco leaves (Wright et al. 1960), beer haze 
(Gramshaw 1967) and the humic acids of soil (Kononova 1961). The later eluting 
peaks were equated to the SI TR, having spectral characteristics resulting in a 
bright orange-red colour, the SII TR being brown-grey. However at that time, no 
further evidence was presented regarding the chemical nature of the TR.
The separation of SII TR into at least three pigmented bands when
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Figure 1.10 - Elution profile at 380 nm of a black tea liquor separated on a 
column of Sephadex LH-20. Solvent, acetoneiwater, 6:4. Components 1-7, TR 
complex; 8 , TF (Millin et al. 1969).
chromatographed on Sephadex LH-20 (Millin et al 1969) was essentially repeated 
by Cattell and Nursten (1976,1977). However, by monitoring column eluates at 
380 nm rather than 460 nm as used by Millin et al. (1969), they showed the 
presence of two pairs of flavonol glycosides in a whole tea extract. It had been 
noted for many years that the overall quality of teas was correlated with the 
numerical value of the ratio of the absorption of the SI, Sla and SII TR 
fractions at 380nm compared with their absorptions at 460nm (Roberts 1958c; 
Roberts and Williams 1958). By assuming these TR fractions to have a common 
absorption at 380nm, the variation in the numerical value of this ratio gave some 
indication of the average intensity of colour at 460nm of the TR fractions as a 
total. A high ratio implied relatively light colour, a low ratio, a deeper colour. 
However, a precise relationship with quality was still not possible as the 
variation in this ratio and quality indicated that the types of compounds within 
the TR class was not constant. The presence of flavonol glycosides would 
undoubtedly increase this ratio and thus teas thought to have high ratios of TR 
might in fact have contained flavonol glycosides as a possible quality 
contributing factor.
It has now been shown from recent studies (Bailey et al. 1990; McDowell et a l 
1990), that unchanged flavonol glycosides are one group of components found in 
all three of the classic SI, Sla and SII TR fractions. The detection wavelength of 
380nm used in these studies is a key wavelength used in the spectrophotometric 
analysis of the TF and TR fractions by Roberts and Smith (1961). These results 
therefore bring to light the interference of the flavonol glycosides in the 
measurement of these two fractions, as they are pale yellow and also able to 
contribute to the colour of the liquor. It is not clear however, whether these 
compounds contribute to the other sensory characteristics such as flavour and
mouthfeel.
These attempts to separate the TR by classical paper, thin-layer and open-top 
column chromatography failed to obtain material that was of any use for 
subsequent structural proposals to be made. Generally, the lengthy sample 
preparation stages required for open top chromatography created problems not 
only with possible risks of chemical modifications but also with irreversible 
binding to the stationary phase. The resulting poor chromatographic resolution 
made such methods inappropriate for good separations of the complex TR 
fraction.
Though more effective separations of the TF fraction were later achieved by 
HPLC (Hoefler and Coggon 1976; Wellum and Kirkby 1981), it was not until 
Robertson and Bendall (1983) used HPLC in combination with model tea 
fermentation systems, that further progress was made in separating and 
characterising the TR. These workers demonstrated that the peaks likely to 
represent compounds other than TF, because of their relative differences in 
polarity and position to TF within the elution profile, had been resolved, if only 
partially. However, the demonstration that TR peak patterns similar to those 
separated from black tea liquors could be produced from oxidising pure 
catechins, indicated the source of some of the TR formed during the early part 
of fermentation. Figure 1.11(a) shows the peaks observed by Robertson and 
Bendall (1983) using their HPLC separation of the products obtained from a 
catechin mixture oxidised in the model fermentation system.
The comparison of Figure 1.11a with the HPLC separation of the products 
obtained from a black tea liquor (Figure 1.11b), suggested that some peaks (1-5)
additional to the known benztropolone-based TF (peaks 13-16) were likely to 
belong to the TR class. It is unlikely that peaks 1-5 include the flavonol
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Figure 1.11 - HPLC elution profiles at 375 nm from (a) in vitro oxidation of a 
catechin mix; (b) decaffeinated black tea liquor; (c) green leaf extract 
(Robertson and Bendall 1983).
glycosides, now known to be in the TR fraction, since the analysis of a green leaf 
extract under identical conditions produced only peaks 6-10 (Figure 1.11c). Since 
peaks 1-5 are not found in equivalent extracts from green tea, it can be 
concluded that they are not due to the green tea flavonols and are probably 
therefore TR arising from transformation of green tea constituents. Moreover, 
even after improved resolution of peaks 1-5 by decreasing the concentration of 
the mobile phase to 2 0 % aqueous acetone, there was still a very good match with 
the peaks obtained on HPLC separation of products from the in-vitro oxidation 
of the gallocatechins, singly and in pairs (Figure 1.12).
The use of reverse phase HPLC for the separation of TF and TR has been 
criticised by Wedzicha et al. (1990) and Wedzicha and Donovan (1989), who have 
suggested that due to the high affinities of these black tea polyphenols for the 
silica based HPLC stationary phases, recoveries are poor and some compounds of 
interest may perhaps not be eluted at all. As a consequence of this, these workers 
chose counter current chromatography (Wedzicha et al. 1990) and normal phase 
HPLC of chemically derivatised non-TF black tea pigments, which they 
designated as TR (Wedzicha and Donovan 1989). These approaches, though 
showing some promise as steps towards preparing pure TR for subsequent 
analysis by physical methods, are still complex, particularly following deliberate 
chemical modifications, whereafter elucidation of the original structure may be 
very difficult. More recently however, Bailey et al. (1991) showed that further 
development of such previously used reverse phase HPLC methods might have 
given some improvement in the separation of TF and TR.
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Figure 1.12 - HPLC separation at 375 nm of TR components from a black tea 
liquor and in vitro oxidation of individual catechins (Robertson and Bendall 
1983).
1.3.2.2 Hypotheses regarding TR structure
Roberts (1958c) suggested that the acidity of the TR could be associated with the 
presence of carboxyl groups and that TR formation probably involved oxidative 
transformation of EGC, ECG, EGCG, TF and TFG (Figure 1.13). Moreover, these 
carboxyl groups were suggested by Roberts (1958c) to have formed from the 
opening of the benzene ring of the benztropolone system found in TF. This 
would not only account for the pronounced acidity of the TR, but explain why 
TR fractions had lost the spectral bands characteristic of TF and purpurogallin 
(Roberts and Williams 1958). It was further postulated that some TR formed 
when a proportion of the o-quinones produced at the first stage of this oxidative 
transformation was combined with leaf protein, thus accounting for a large part 
of the substantial decrease in water-soluble substances during the manufacture 
of black tea (Wood et al. 1964). Millin and Rustidge (1967), in a review on the 
methods of tea manufacture, refer to the TR as a complex mixture of 
predominantly acidic substances ranging in molecular weight from about 700 to 
40,000 or more. In this review (Millin and Rustidge 1967), the view was expresed 
that the TR may be produced by the interaction of o-quinones with components 
of the leaf other than polyphenols, e.g. proteins. Brown et al. (1969), using the 
methods of Roberts (1958c) for the isolation of TR fractions, found however that 
the nitrogen present in the SI, Sla and SII fractions was totally in the form of 
caffeine, removable by prior extraction of the tea liquor with chloroform. 
Cattell and Nursten (1976) showed that the ethyl acetate soluble SI TR had a 
nitrogen content of 1.3 %, this being mainly due to adsorbed caffeine, though a 
small amount of amino acid nitrogen (mainly in the form of theanine) was also 
observed.
Since there is strong evidence for the existence of TR-caffeine and TR-theanine 
complexes, the possibility of TR-protein complexes must also be considered. Such 
complexes might also adsorb other classes of polyphenols, as well as nucleic acids 
and carbohydrates.
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Figure 1.13 - Proposed course of oxidation of TF to TR, involving the opening 
of the benzene ring of the benztropolone residue, the presence of the carboxyl 
groups accounting for the acidity of the TR (Roberts 1958c).
If such complexes do exist, then estimates of their molecular weight may well 
reflect the molecular weight of those groups of compounds associated with the 
complex, as mentioned above, rather than the molecular weight of a novel 
transformation product. The mechanisims facilitating the formation of such 
complexes may also be responsible for the irreversible binding of the 
non-dialysable SII TR to the exposed siloxyl groups of reversed phase column 
packings.
Brown et al. (1969) showed that the isolated TR fractions, after heating at 100°C 
for 15 min. with 0.035M HC1 in anhydrous isopropanol, yielded cyanidin and 
delphinidin (Figure 1.14) and their isopropyl ether derivatives (Roux and Bill 
1959). This observation is strong evidence for the presence of proanthocyanidins 
in the TR fractions. However, it is not possible to distinguish between different 
types of proanthocyanidins, leucoanthocyanidins or anthocyanins by this method 
because such compounds similarly degrade autoxidatively via a carbo-cation to 
anthocyanidins. Moreover, the possibility of other, as yet unknown, 
proanthocyanidins should not be ignored when, for example, it is not known at 
present whether the TF might also yield anthocyanidins.
After treatment with aqueous sulphurous acid, these isolated TR fractions were 
shown by paper chromatography (Forsyth and Roberts 1960) to also contain 
catechins and catechin gallates, plus some sulphur-containing compounds. On 
separating the sulphur-containing compounds from the catechins and their 
gallates by cellulose column chromatography, further treatment of the 
sulphur-containing compounds with dilute acid again yielded cyanidin, 
delphinidin and gallic acid. With the presence of alcoholic hydroxyl groups 
indicated by infrared spectroscopy of TR methyl ethers, together with the colour
and spectroscopic properties shown by these class of compounds, it was proposed 
by Brown et al. (1969) that TR were polymeric proanthocyanidins. They 
suggested that the interflavonoid bonds might involve positions 6 , 8 , 2\ 5’, 6 \  2” 
and 6 " (Figure 1.15). Haslam (1966) had previously explained the formation of 
such bonds in terms of phenoxyl radical coupling processes or their ionic 
equivalent. It should be noted that the proanthocyanidins synthesised in intact 
plant tissue normally involve 4-8 and 4-6 linkages only and the compounds 
described above, if indeed they do exist, are rather more complex.
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Figure 1.14 - Structures of the anthocyanidins, cyanidin and delphinidin.
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Figure 1.15 - The creation of interflavonoid bonds involving positions 6 , 8 , 2 \ 5’, 
6 ’, 2” and 6 ” (Brown et al. 1969)
Brown et al. (1969) also suggested the possibility of involving position 4, the 
interflavonoid bonds here being likely to originate from nucleophilic attack by a 
phenolate anion upon an intermediate quinonemethide (Figure 1.16).
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Figure 1.16 - Formal mechanistic proposal for the creation of an interflavanoid 
bond involving position 4 via a quinonemethide intermediate (Brown et al. 1969)
The proposal of Brown et al. (1969) that TR might be polymeric 
proanthocyanidins has been extensively challenged, especially on the grounds 
that the ratio of 3\4’-dihydroxy nuclei to 3 \4 \5’-trihydroxy nuclei is larger in 
the isolated fractions than in the green leaf. Two suggestions that might account 
for this discrepancy have been made. In the first it was suggested that the deficit 
of 3’,4’,5’ - trihydroxyflavanoids arises because a proportion of such residues are 
further oxidised to hydroxy-o-quinones. This argument appears plausible and 
such hydroxy-o-quinone residues could be associated with the known acidity of 
the TR. Indeed these ionisable groups might complement or replace the carboxyl 
groups that Roberts (1958c) suggested were formed by the opening of the 
pyrogallol ring (Figure 1.13). The second possibility was that interflavanoid 
linkages could involve positions 2’ and 6 ’ of the trioxygenated flavan-3-ols and 
flavan-3-ol gallates and thus create the impression of a similar deficit of 3’,4’,5’ - 
trihydroxyflavanoids, because such products are stable to acidic conditions such 
as those created by Porter’s reagent (Porter et al. 1986) However, the fact that 
several of the major peaks observed from the HPLC analysis of a black tea 
liquor (Robertson and Bendall 1983) were shown to co-chromatograph with 
compounds synthesised from EGC and EGCG, suggests that at least some of the 
TR may not be classic polymeric proanthocyanidins. The results of Brown et al. 
(1969) referred only to the TR extracted from aqueous solution by organic 
solvent partitioning. Those remaining in the organic phase were suggested to be 
of the polyphenol-protein type (Calderon et al. 1968) in which the polyphenol 
was again a polymeric proanthocyanidin.
Studies on the ethyl acetate-soluble TR by Cattell and Nursten (1976) showed the 
subfractions of such TR to have a molecular weight of about 1500, each fraction 
being degradable into cyanidin, delphinidin, gallic acid and some flavan-3-ol and
flavan-3-ol gallates. There was some evidence for the presence of benztropolone 
moieties because one of the three TR sub-fractions analysed by Cattell and 
Nursten (1976) was shown to resemble TF by exhibiting a small peak at 380nm 
and a broad shoulder at around 455nm. Berkowitz et al. (1971) found that 
mixtures of epitheaflavic acid or its gallate with EC or its gallate are rapidly 
converted into compounds other than TF and assumed to be TR, when the 
gallocatechin precursors for the conversion of epicatechin to TF were not 
present. These findings support the general contention that at least some TR 
contain benztropolone systems. Retention of the benztropolone system and 
carboxyl group when epitheaflavic acid is converted into TR would explain not 
only the colour, but also the acidity of the latter. This is not necessarily in 
conflict with the results of Brown et al. (1969), although they were unable to 
provide evidence for the presence of TF residues in the TR isolated from an 
aqueous partition after organic extraction. The results of Cattell and Nursten 
(1976) were compatible with those of Brown et al. (1969) in all but one respect, 
namely the overall yield of anthocyanidins. This suggested that whilst the ethyl 
acetate-soluble TR contain some proanthocyanidin linkages, other forms of 
interflavonoid linkages occur. Accordingly the description of ethyl 
acetate-soluble TR as polymeric proanthocyanidins was felt by Cattell and 
Nursten (1976) to be inappropriate since the term had been reserved for 
polymers predominantly and often exclusively comprised of linkages which on 
oxidative depolymerisation release anthocyanidins. However, Cattell and 
Nursten (1976) also felt that other TR may fit this description, though to varying 
degrees, depending on the proanthocyanidin chain length and the ether linkages 
involved (Porter et al. 1986).
Furthermore, the increase in gallic acid during fermentation is likely to come
from two main sources. First, large decreases in the theaflavins during 
fermentation after gallocatechins have been exhausted, appear to occur through 
the preferential loss of galloylated TF (TF gallates) (Roberts and Wood 1951). 
Such degallation of TF would lead to the low gallate ester content of some TR. 
Secondly, it is possible that gallic acid may be produced from the hydrolysis of 
some of the quinic acid derivatives. Coggon et a l  (1973) more recently showed 
that degallation of the flavan-3-ol gallates does take place during fermentation 
and that it occurs as a side reaction to the oxidation of flavanols by PPO, no 
esterase per se being involved. The gallic acid produced from this, together with 
a small amount originally present in the green leaf, is then avalailable for the 
formation of epitheaflavic acid and its gallate, which may be converted further 
into TR of the type described by Cattell and Nursten (1976).
1.3.2.3 The origins o f TR
Whilst a number of tentative proposals have been put forward to describe some 
of the possible origins for compounds classified as TR, there is still much to 
discover regarding the precise definition of TR structures. However, it is certain 
as a result of studies by Robertson and Bendall (1983) that some, if not all of the 
TR produced during fermentation are derived from the flavan-3-ols. That being 
the case, the role of the catechins as precursors of TR is of great importance and 
shall now be discussed in more detail.
The mechanisms of formation of TF/TR during tea manufacture were first 
considered by Oparin (1935, cited by Bokuchava and Skoboleva 1969) as 
decompensated respiration. In the intact tea leaf cell normal respiration could 
be represented by:
(i) Catechin + 0 2 o-quinone
(ii) o-quinone + respiration substrate -» catechin + C0 2
the two processes being in equilibrium. However, by damaging the leaf during 
the rolling process, an intensive oxidation of catechins by PPO is induced and 
results in the formation of large quantities of catechin o-quinones. These 
quinones are not completely reduced at the expense of respiratory substrates but 
condense to form coloured products determining the quality of manufactured 
tea. The formation of quinones as a result of catechin oxidation was first 
established by Bokuchava (1951) in model experiments of ascorbic acid oxidation 
in the presence of catechins and PPO and by Kursanov and Zapromyotov (1952) 
in experiments on the chemical and enzymic oxidation of EC.
Roberts (1942) suggested that the primary reactants of the condensation process 
were not the catechins themselves, but the catechin quinones and that the C2 ~C  ^
bonds were initially formed without breaking up the pyrane ring. It was 
concluded by Roberts (1958a) that EGC and EGCG were the principal substrates 
condensing during fermentation. EC, C and ECG were found to oxidize at an 
even greater rate, through the action of PPO, but could not be involved in the 
condensation, because of their high oxidation reduction potential. The 
o-quinones of these catechins would act as additional catalysts to gallocatechin 
oxidation. The quinones of the gallocatechins and their esters showed less 
stability than the quinones of the simple catechins, undergoing oxidation and 
condensation as soon as they were formed. As a result of oxidoreductive 
reactions, it was proposed that two molecules of diphenoquinone form dicatechin 
and TF (or TFG), with further transformations yielding compounds which
Roberts termed TR (1958a).
At that time he suggested that the TR could be formed by oxidative coupling 
processes involving the TF and other polyphenolic substances. However, in 
experiments on degradation of isolated TR fractions, Brown et al. (1969) showed 
no evidence for the presence of TF residues in the TR, suggesting that the 
formation of TF and TR could well involve competitive oxidative 
transformations of the catechins.
Hilton (1972) observed that not all the components of the TR fraction found in a 
black tea liquor were produced from in vitro oxidation of the six major 
catechins. Whilst there may have been differences in the conditions of oxidation 
between the in vitro system used here and the fermentation of tea leaf, it was 
considered that the dynamics of catechin consumption and TF and TR 
production were similar. It was therefore suggested by Hilton (1972) that 
substrates other than these six catechins were involved in the TR fraction.
Sanderson et al. (1972) reported that TR are formed by enzymic oxidation of any 
of the individual flavanols present in fresh tea shoots and that they constitute a 
heterogeneous group of compounds, the complexity of which follows from 
involvement of up to six different flavan-3-ol precursors (including their 
gallates) as well as some flavan-3,4-diols (present prior to fermentation). 
Moreover, there is the permutation of the sequence of units within an oligomer, 
the differences in linkages between them and to a minor degree, the variation in 
size of the oligomer. In addition, molecular shape (Weinges et al. 1965) may play 
a role in determining the properties of the TR oligomers. Clearly the isolation of 
homogeneous material is still an essential prerequisite for structural proposals to
be made with any precision. The approach by Sanderson et al. 1972 using in 
vitro enzymic oxidation was suggested at that time as more likely to lead to 
products of a purity sufficient for determination of their total structures.
The results of Robertson (1983a) strongly suggested that much of the TR 
produced during the early stages of fermentation is due to preferential oxidation 
of the gallocatechins. At the same time, competitive reactions requiring the 
electron carrying capacity of the simple catechin quinones would result in TR 
from TF intermediates. During the early stages of fermentation, small amounts 
of the simple catechins would be available for TR formation, but such TR 
formation would become more significant as fermentation proceeds and 
gallocatechin concentration is reduced or exhausted. TR from oxidative 
degradation of the TF, though likely to occur from the start of fermentation, is 
not observed initially due to its high rate of formation, but becomes apparent 
when the gallocatechins have been exhausted (Figure 1.17). Such a source of TR is 
possibly responsible for the larger molecular weight compounds found in the SII 
TR class as well as the production of gallic acid during fermentation (Roberts 
and Wood 1951).
The extremely effective electron carrying potential of the simple catechins 
results in their rapid redox equilibration, once they have been enzymically 
oxidised to their respective o-quinones (Roberts and Myers 1960; Robertson 
1983a). The imbalance of simple to gallocatechin quinones, created by this process 
and enhanced by originally lower levels of simple to gallocatechins in the green 
tea shoots (Robertson 1983b), greatly affects the formation of TF. Such factors 
are then fundamental in directing the majority of the catechins, particularly the 
gallocatechins, towards TR formation and away from TF formation, which
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ideally requires equal concentrations of the di and tri-hydroxylated catechins. 
This reduces the overall TF concentration in the final product at the point of 
termination. Conversely, factors which increase the rate of catechin quinone 
formation above that of redox equilibration (Figure 1.17), will also increase the 
ratio of simple to gallocatechin quinones, thus enhancing TF formation.
Figure 1.17 - Scheme showing the formation of TF and TR from  the flavan-3-ols 
and the possible role played by the simple catechins in coupled oxidations. ECQ, 
(-)-epicatechin quinone; EGCQ, (-)-epigallocatechin quinone; TFI, theaflavin 
intermediate; TF, theaflavin; TR, thearubigin (Robertson 1983a).
T R
T R
Figure 1.17
1.4 CONCLUDING REMARKS AND STUDIES PROPOSED
A number of tentative proposals have been put forward suggesting possible 
origins of substances found in the clasical TR fraction. It is clear that the TR and 
their origins are both complex and that there is still much to discover. It is 
suggested that advances in analytical methodology have rendered the original 
definition of TR (Roberts 1958) inadequate, as this was merely based upon the 
ability of substances to partition between ethyl acetate and water and their 
subsequent chromatographic behaviour. The following is suggested as a 
pragmatic working classification of the substances known or thought likely to be 
present in the aqueous black tea liquor :-
(a) untransformed green leaf constituents
(b) transformed green leaf constituents 
(b-i) derived exclusively from flavan-3-ols
(b-ii) derived from flavan-3-ols in combination with other precursors 
(b-iii) derived exclusively from precursors other than flavan-3-ols
Since, by definition, substances in category (a) are residual green leaf 
constituents and not novel products of tea fermentation, these will not be 
considered further in this thesis, unless they are also precursors of substances in 
categories b(ii) and b(iii).
Substances in category (b) encompass the novel non-volatile pigments produced 
during tea fermentation. More specifically, category b(i) clearly includes the 
well known major theaflavins, whilst categories b(ii) and b(iii) would include 
novel products requiring at least one other precursor of character distinctly
different from the flavan-3-ols and the theaflavic acids. In addition, Kii) would 
include complexes of b(i) substances with components such as proteins, 
polysaccharides, caffeine, nucleic acids etc., whilst b(iii) would include the 
formation of oxidation products from compounds such as flavonol glycosides, 
e.g. myricitrin (Takino 1978) and gallic acid.
This thesis will address the study of substances belonging to b(i), since their 
existence has been unequivocally shown by Robertson and Bendall (1983). In 
addition, they are likely to be easier to study, using the model fermentation 
system developed by Robertson and Bendall (1983), together with the advantage 
of advances in chromatography and spectroscopy, to characterise the products 
thereof.
CHAPTER 2
2. METHOD DEVELOPMENT
2.1 LOGICAL STEPWISE OPTIMISATION OF THE HPLC SYSTEM FOR 
BLACK TEA LIQUOR ANALYSIS
2.1.1 Introduction
Robertson and Bendall (1983) improved upon a method developed by Hoefler 
and Coggon (1976) for the HPLC analysis of black tea components. In both cases, 
an isocratic system was used with the more recent based on 5 pm Hypersil ODS 
solid support on a shorter 20 cm column. The more recent HPLC method was 
applied to the products of a model in vitro fermentation system, where peaks 
thought to be TR (i.e. not TF or untransformed green tea components) were 
crudely resolved, but well separated from the TF. It was recognised immediately 
that the combination of the model fermentation system and HPLC provided a 
very powerful tool for investigating TR chemistry, the model system overcoming 
problems associated with previous experiments using macerated whole tea shoot 
systems, such as variation in the oxygenation of reacting cell contents and 
subsequent inaccurate measurements of temperature and oxygen concentration.
However, it was also recognised that the potential for studying TR chemistry 
and ultimately producing TR material of sufficient purity for realistic 
subsequent structural characterization was limited more by the capabilities of 
the HPLC system that would separate the compounds so produced, than by the 
model fermentation system. Improving the HPLC separation was therefore the 
first stage of method development.
The advent of the more efficient 3 pm Hypersil ODS solid support sometime 
before the beginning of this study was expected to permit the use of a shorter 
column ( 1 0  cm), thus increasing the speed of analysis as well as improving the 
resolution of TF and TR. In addition, the use of reverse phase HPLC instead of 
normal phase HPLC, would enable direct analysis of a liquor sample without 
extensive sample pre-treatment such as the derivitisation of black tea 
polyphenols as described by Wedzicha and Donovan (1989). Moreover, the 
potential to use a gradient elution instead of the previously used isocratic 
system, would hopefully permit further improvement in resolution of 
compounds present in the model fermentations as well as in the tea liquor. For 
this present study, the contribution by the TF and TR to liquor colour was of 
particular importance and thus directed the choice of detection method towards 
the simultaneous monitoring of the UV and visible regions of the spectrum. Due 
to the absorbance characteristics of TF (Collier et al. 1972), it was decided that 
380 nm coupled with 450 to 460 nm would be appropriate for the monitoring of 
both TF and TR.
2.1.2 Materials and Methods
2.1.2.1 Materials
Mobile gradient elutions were carried out using a double reciprocating pumping 
system (Pye Unicam PU 4015), equipped with a Rheodyne 7125 injection valve 
and a 100 pi sample loop. Monitoring of the column eluates was carried out 
using a PU 4021 diode array detector linked to a PU 4850 data station (Pye 
Unicam). Stainless steel columns (10 x 0.46 cm) obtained from Shandon were 
packed ’in-house’ with Hypersil 3 pm ODS using a Shandon column packer. (Opie
et al. 1990). Of the most commonly used HPLC solvents, acetone, methanol, 
tetrahydrofuran and acetonitrile (all HPLC grade from Rathburn Ltd.), were 
assessed for their ability to separate TF and TR from a Malawian black tea 
sample (SFS 204).
2.1.2.2 Methods
Based on the method of Robertson and Bendall (1983) an initial mobile phase 
gradient elution was selected as shown in Figure 2.1
1 0  min
1 0  min35 min
100 % A 100 % A
Mobile phase: solvent A - 0.5 % aqueous glacial acetic acid
solvent B - 0.5 % aqueous glacial acetic acid and acetone
(1 : 1  v/v)
•  -1Flow rate -1  ml mm 
Detection - 450 nm at 0.16 aufs
Injection volume - 100 pi tea liquor (see section 2.2 for preparation of liquor)
Figure 2.1
2.1.3 Results and Discussion
The separation achieved using the elution profile compared well with that of 
Robertson and Bendall (1983) (Figure 2.2) and under the present operating 
conditions showed an improvement on any separation so far obtained by trying 
different stationary phases of varying particle size and column length. However, 
the chosen mobile phase gradient still gave poor separation of the TR peaks and 
it was expected that the acetone gradient would prevent effective monitoring of 
samples in the UV region, due to acetone’s high UV absorbtion below 330 nm. 
Though this was not important when considering the visual assessment of the 
liquor, it would prove to be in future work where the eluant was monitored in 
the UV region and when obtaining spectra by the diode array detector. A 
comparison of the chromatographic separations achievable with other commonly 
used HPLC solvents e.g. methanol, tetrahydrofuran and acetonitrile was 
therefore carried out.
The use of 50 % aqueous methanol as solvent B, though improving resolution, 
caused an increase in retention time and still did not prove satisfactory over an 
extended gradient time of 45 min (Figures 2.3, 2.4). Tetrahydrofuran also proved 
unsatisfactory, the greater polarity of the solvent causing poor separation and 
resolution of peaks. I t’s only advantage was the comparatively short run time 
required (Figure 2.5). Of those tested, acetonitrile appeared to be the most 
suitable eluting solvent in terms of separation and run time. Logical stepwise 
optimisation showed that a final concentration of 30 % aqueous acetonitrile for 
solvent B provided the separation required in a run time of approximately 35 
min. (Figure 2.6). Trials with mixtures of two organic solvents e.g. acetonitrile 
and methanol failed to achieve any further improvements.
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Separation was however improved by increasing the gradient time with 30 % 
acetonitrile to 45 min. (Figure 2.7) and since the TR peaks, of which there were 
many, occupied the middle section of the chromatogram, improved separation in 
this region was shown possible by altering the linear gradient to a concave 
exponential gradient having a factor of 0.7 (Figure 2.8).
2.2 LOGICAL STEPWISE OPTIMISATION OF THE METHOD FOR 
PREPARING A BLACK TEA LIQUOR
2.2.1 Introduction
The preparation of the black tea liquor was considered an important step in the 
analysis, since it would influence the extraction rate of the water-soluble 
components from the black tea leaf and hence the material subjected to HPLC. 
The known complexation between water-soluble black tea polyphenols and 
caffeine to form tea cream when a liquor cooled was recognised as a potential 
problem, since the yield and composition of the black tea polyphenols might be 
altered. Though this was not taken into account in the initial protocol for 
preparing a liquor, it was incorporated at a later stage.
2.2.2 Materials and Methods
2.2.2.1 Materials
Boiling distilled water was used for the extraction of tea solids and prepared in a
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large bench top stainless steel water boiling vessel. A Malawian clonal tea (SFS 
204) was used as the experimental sample, the extraction carried out in a 0.45 1 
Thermos flask. ’Clean up’ stages for liquor preparations were carried out using 
1 ml Sep Pak C^g cartridges (Waters, Millipore Ltd.) and 0.2 pm Aero filters 
(Gelman Sciences Ltd.). All other solvents used were either glass distilled grade 
or HPLC grade (Rathburn Ltd.)
2.2.2.2 Preparation o f  a black tea liquor
Based on an ISO standard method (ISO 3130), 9 g of black tea, Malawi clone SFS 
204, was made into a "roll up" using a single ply tissue paper. A thermos flask 
was warmed by washing out with boiling water, the tea was transferred from 
the "roll up" to the flask and 375 ml of fresh distilled boiling water was added. 
The flask was then sealed and inverted every 30 s over a period of 10 min and 
the resultant infusion filtered through glass wool. After cooling to room 
temperature, 10 ml of the liquor was loaded by syringe onto a Sep Pak C^g 
cartridge previously primed with methanol. The loaded cartridge was washed 
with 10 ml distilled water followed by 1 ml methanol, the first 0.5 ml of eluate 
being discarded, the second 0.5 ml (containing the main tea solubles fraction as 
observed from the dark brown colour) collected and filtered through a 0 . 2  pm 
membrane-filter, whenever there appeared to be any precipitate present. This 
eluate (100 pi) was mixed with 100 pi of solvent A (0.5 % acetic acid) in a 
microcentrifuge tube and 100 pi of the final solution injected into the HPLC.
2.2.3 Results and Discussion
The HPLC analysis of unfiltered and filtered black tea extracts are shown in
Figures 2.9a and 2.9b respectively. The use of these extracts was considered 
unsatisfactory for two reasons: (1 ) the chromatograms displayed a rising baseline;
(2 ) a visible precipitate formed when the extracts were allowed to cool prior to 
injection. It was thought that the precipitate was due to the formation of tea 
cream - i.e. the physical interaction of caffeine with polyphenols to produce 
complexes of low solubility at low temperature. Since the chromatograms 
obtained from the caffeine-free model fermentation systems did not display the 
notable rising baseline, it was inferred that the baseline rise might also be due to 
the formation of caffeine-polyphenol complexes. Although such complexes might 
be characteristic of cooling black tea and thus a legitimate subject for study, it 
was felt that their presence could only complicate the study of the polyphenols 
per se. Accordingly, decaffeination protocols were evaluated with a view to 
eliminating complex formation and improving the chromatogram.
2.2.4 Revised method for preparation of a black tea liquor
Following cooling of the flask contents to around 70 °C, a part of the liquor was 
extracted twice with an equal volume of chloroform and allowed to separate by 
standing. The organic phase was discarded, any remaining chloroform in the 
aqueous phase being removed by centrifugation at 15000 g at 4 °C for 10 min. An 
aliquot of the resultant clarified aqueous supernatant ( 1 0 0  pi) was then used for 
direct injection into the HPLC.
2.2.5 Results and Discussion
The profile (Figure 2.10) demonstrated that the rise in baseline was much 
reduced by the decaffeination step, giving more confidence in the purity of
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Figure 2.9 - Comparison of profiles obtained from HPLC analysis of an 
unfiltered (A) and filtered (B) black tea liquor using a 0.2 pm Aero filter.
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components being separated above the baseline. That material not being 
separated below the line may be important in its own right should not be 
overlooked, but at this stage the presence of such material was considered a 
distraction since more than enough information seemed to exist within the peaks 
separated. This method of preparation thus provided a reasonable basis for any 
further analysis.
2.3 LOGICAL STEPWISE OPTIMISATION OF THE HPLC DETECTION 
SYSTEM
2.3.1 Introduction
The detection of the separated black tea liquor components had initially been 
carried out at 450 nm from a knowledge of the characteristic absorbance 
wavelengths of TF (Collier et a l 1972) and an interest in the visual parameters 
of liquor quality. However, the absence of detailed spectral information for 
individual TR (as opposed to a crude TR-rich fraction), made it impossible to 
judge whether 450 nm was necessarily suitable for investigating the TR. As a 
first step in the optimisation procedure, HPLC profiles were collected by 
sequential analysis of a black tea liquor at 10 nm intervals between 190 nm and 
590 nm.
2.3.2 Materials and Methods
The single wavelength detection at 10 nm intervals between 190 nm and 590 nm 
was carried out as previously described in sections 2.1.2 - 2.2.3.
2.3.3 Results and Discussion
The wavelength range selected (190-590 nm) was constrained by the capabilities 
of the available detector. The HPLC profiles obtained from the repeated 
analysis of a single black tea liquor are presented in Figures 2.11 (UV) and 2.12 
(visible) respectively. It is apparent from the comparison of these profiles that 
the unidentified components, presumed to be TR, differ dramatically in their 
spectral properties, to the extent that it is not possible to identify a single 
wavelength in the visible region that would permit sensitive detection of all the 
TR components. It was concluded therefore that spectral scanning with a diode 
array detector would be preferable.
2.3.4 Preliminary investigations into the use of the diode array detector for the 
production of 3-dimensional spectral maps (chromascans)
2.3.4.1 Introduction
A brief introduction is required to the complexities of using the diode array 
detector. The microprocessor controlled detection system and the data analysis 
hardware (collectively known as the Trivector) have a specific data storage 
capacity of 3 x 32K pages of storage, i.e. a total of 96K pages. This 96K pages has 
the capacity to hold 339 sec of spectral data, i.e. 339 spectra, if data collection 
takes place at its fastest rate of one spectrum per second. Obviously, at this rate 
of collection there is only enough storage capacity to save 5.6 minutes of any 
given chromatogram, a distinct limitation when each chromatogram takes 45 
min. This storage capacity can be ’enlarged’ to save a longer chromatogram by
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Figure 2.11 - Chromatograms obtained from HPLC analysis of a black tea liquor 
in the UV absorbance region 190 - 390 nm (10 nm intervals).
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Figure 2.12 - Chromatograms obtained from HPLC analysis of a black tea 
liquor in the visible absorbance region 390 - 590 nm (10 nm intervals).
altering the rate of collection of the spectral data i.e. to "double" the capacity 
data are collected at the rate of one spectrum every two seconds etc. The 
Trivector can be programmed to capture a spectrum at every n.th second, where 
n ranges from 1 to what is effectively infinity, though experience has shown that 
values beyond n = 4 result in too poor a resolution. Since this project required 
high quality chromatograms, the fastest rate of collection was chosen, despite 
forcing the subdivision of the total chromatographic run, (45 min) into seven 5H 
min sections, one section being acquired in each of 7 injections and the sections 
then assembled. (Only seven injections, equivalent to 38.5 min) were necessary, as 
the last peak on the HPLC profile was eluted after approximately 38 min, the 
remainder of the gradient time allowing the mobile phase to return to the 
starting conditions, ready for the next injection).
One further drawback in using this particular detection system is that the 
grating design and lamp spectra for the diode array detector only allows 
scanning either between 190 nm and 390 nm (UV) or 390 nm and 590 nm 
(visible). In order to obtain a complete spectral map of the black tea it was 
therefore necessary to obtain 7 x 5.5 min chromascan sections for each of the 
two spectral ranges resulting in a total of 14 injections. Though possibly 
appearing disjointed, the piecing together of these sections afterwards, was 
difficult, but not impossible. Thus, for each second of the complete 45 minute 
chromatographic run of a tea liquor, the entire spectrum of eluted components 
in the UV and visible regions could be collected and assembled.
2.3.4.2 Materials and Methods
The diode array detector (PU 4021) was used in conjunction with the
chromatographic system previously described (section 2.1) and applied to a black 
tea liquor obtained from the Malawian clone SFS 204, prepared as described in 
section 2.2. Fresh liquor samples were prepared daily, since several days were 
required to collect all the data.
The diode array detector was used first to monitor in the UV region, 
chromascans being recorded for the following periods: 0-5H min, 5H-11 min, 
11-16H min, 16^-22 min, 22-27H min, 27H-33 min and 33-38H min by which time all 
of the peaks of interest had been eluted. A period of overlap (0.1 min) between 
each section was made to accommodate changes in retention times on different 
runs. Each chromascan was recorded on floppy disc and individual chromascans 
assembled using the trivector software.
2.3.4.3 Results and Discussion
An assembled chromascan for the UV region is presented in Figure 2.13. This 
shows that those peaks absorbing at 375 nm, a wavelength used previously for 
monitoring TF and TR (Robertson and Bendall 1983) absorbed more strongly at 
lower wavelengths, which were not specific for TF and TR. The chromascans 
allowed the absorbance at the more sensitive lower wavelengths to be combined 
with the more specific absorbance at higher wavelengths.
2.3.5 Extending the chromascans to the visible region
2.3.5.1 Introduction
The need to generate chromascans in the visible region of the spectrum was now
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addressed. Since spectra could be generated either in the UV or the visible 
region, but without overlap, the problem of matching spectra accurately was 
greater than the matching of the retention time previously referred to. In order 
to minimise the effect of day to day variation in retention time, it was decided 
that the chromascans generated should alternate between the UV and visible 
regions of the spectrum. i.e. an infusion would be injected and 5.5 min of 
chromascan data would be recorded in the UV. On the next injection, data in the 
visble region would be recorded for the same time segment. Although this 
strategy significantly slowed the rate of progress by repeating the UV 
chromascans already prepared, it ensured the quality of the data eventually 
obtained, not just by improving the spectral matching, but also by partial 
replication.
2.3.5.2 Materials and Methods
A spectral map of the SFS 204 clone was obtained in the visible range available 
from the diode array detector as described in 2.3.4.2
2.3.5.3 Results and Discussion
A complete chromascan is presented in Figure 2.14. This shows clearly that the 
absorbances in the visible region are much weaker than those in the UV region 
and that there was significant variation between peaks in the position of the 
visible maxima. The chromascan data once stored on disc were used in two ways. 
(1) Single chromatograms were generated at 10 nm intervals across the spectrum 
from 190 nm to 590 nm, by assembling the relevant 5h min segments. This gave a 
more selective view of what peaks could be observed in a single wavelength
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profile at various regions of the spectrum. (2) For individual peaks exhibiting 
significantly high absorbances in the visible region, thus suggesting that their 
presence in the tea extract was important in terms of contributing to colour, a 
plot was assembled of their spectrum from 190-590nm, to permit a preliminary 
classification of these as yet largely unknown components by their spectral 
maxima. The spectral maxima so obtained are presented in Table 2.1
2.4 COMBINING THE HPLC SYSTEM WITH THE IN  VITRO  MODEL 
FERMENTATION SYSTEM
2.4.1 Introduction
Previous attempts to obtain information on the fermentation process in the 
factory have (i) been difficult to design and perform and (ii) yielded results that 
were difficult to interpret, due to the use of macerated shoot systems, which 
vary considerably in polyphenol content and PPO concentration. Moreover, the 
physical heterogeneity of whole shoot systems made it impossible to accurately 
monitor changes in parameters such as temperature, pH and gaseous exchange. 
With an improved HPLC method for separating many, as yet uncharacterised 
peaks from a black tea liquor now available, it was clearly desirable to study the 
formation of the TR found in the HPLC profile of the reference black tea. 
Combining the HPLC method with the in-vitro model fermentation system as 
used by Robertson and Bendall (1983), appeared to be an ideal approach for such 
studies, since the model system fermentation could be carried out under strictly 
controlled conditions and thus facilitate data interpretation.
Although it had already been shown by Robertson and Bendall (1983) that
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Table 2.1 - UV and visible absorbance maxima for peaks 1-44 obtained from 
HPLC analysis of a black tea liquor.
Peak number Amax(UV) Amax(vis)
1 245 390
2 250 390
3 227 390
4 230 393
5 230 405
6 273 487
7 232 505
8 318 390
9 238 394
10 250 390
11 300 390
12 238 390
13 237 390 -
14 237 394
15 312 390
16 250 390
17 302 471
18 305 408
19 281 390
20 338 390
21 357 416
22 357 390
23 340 478
24 357 390
25 255 390
26 346 390
27 357 390
28 346 390
29 353 410
30 266 390
31 260 390
32 281 397
33 - 411
34 - 411
35 - 560
36 309 560
37 281 495
38 281 507
39 322 466
40 320 420
41 325 410
42 232 457
43 227 458
44 232 458
there was a close similarity between HPLC analysis of soluble products from 
their in vitro model fermentation system and black tea polyphenols formed as a 
result of in vivo factory fermentation, it was necessary to optimise the operation 
of the HPLC and in vitro fermentation combination before embarking on any 
model fermentation studies proper.
2.4.2 Materials and Methods
The in vitro model fermentation system illustrated in Figure 2.13, was used as 
described by Robertson and Bendall (1983). Initial experiments with the model 
system and HPLC analysis of the products thereof were designed to assess 
whether the following could be achieved:
(i) whether the TF of a black tea liquor as observed in the HPLC reference 
profile could be produced from enzymic oxidation of the relevant catechin pairs;
(ii) whether the oxidation of simple and gallocatechins (singly or in their 
relevant pairs) could produce some or all of the other peaks in the reference 
profile referred to as TR;
(iii) whether the oxidation of a catechin mix could produce a similar 
profile of peaks as found in the reference profile.
The substrates (either as a mix, individually or as combinations of simple and 
gallocatechins that would react to form theaflavin (tf), theaflavin-3-monogallate 
(tfmg), theaflavin-3’-monogallate (tf’mg) and theaflavin-3,3’-digallate (tfdg)) 
were dissolved in 0.01 M citrate - 0.02 M phosphate buffer (pH 5.6) at
1 . 1
concentrations of 10 mg ml (single catechin oxidations), 5mg ml (catechin pair
-1oxidations) or 2 mg ml (catechin mix oxidations). The oxygen electrode, 
fermentation cell and reactants were equilibrated at 30 °C and an air flow-rate 
of 0.5 1 hr , before initiating oxidation by adding PPO (5 units of activity in 100 
pi buffer). (Details of the preparation of individual catechins and PPO are 
described in Appendix 1 and 2 respectively).
Subsequent oxygen consumption was monitored by the oxygen electrode and 
recorded on a strip chart (Figure 2.15). Initially oxygen tension fell and then 
rose, eventually attaining a steady value slightly below the starting value. The 
attainment of this plateau provided a convenient and unequivocal end point 
corresponding to the cessation of oxidation either because of complete 
consumption of the mixed substrates or because the more labile gallocatechins 
had been completely consumed. The fermentation was unambiguously 
terminated by the addition to the reaction medium of an equal volume of 60 % 
aqueous acetone containing 10 % acetic acid to inactivate the PPO. The soluble 
products of the in-vitro oxidations were analysed by HPLC as previously 
described (section 2.1), except that the injection volume was reduced to 50 pi. The 
resulting profiles are shown in Figures 2.16 - 2.19.
2.4.3 Results and Discussion
Figures 2.16 - 2.19 show the HPLC profiles from in vitro oxidation of single 
catechins, catechin pairs and a catechin mix respectively. They demonstrated that 
the model fermentation system was capable of mimicking the factory 
fermentation because the four major theaflavins had been produced along with 
many of what were assumed to be TR. The ability of the model system to
produce a chromatographic profile similar to that from a whole tea liquor and 
hence the ability to perform in a manner similar to the factory fermentation, 
suggested that the model system could be used with confidence for further 
investigations.
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However, it was also important to note for reasons as yet unknown, that not all 
of the peaks in the reference profile could be produced by oxidation of the 
catechins in the model system. This may have been due to the lack of other 
precursors found in the green leaf but not used in the model system, or 
inappropriate conditions for oxidation. This aspect is investigated in Chapter 3 - 
Evaluation of Methods.
2.5 ISOELECTRIC FOCUSING OF BLACK TEA POLYPHENOLS
2.5.1 Introduction
The use of iso-electric focusing (IEF) electrophoresis has previously been applied 
to black tea pigments (O’Reilly 1982; Jonsson and Pettersson 1968) and was 
recognised as a method that might complement the separation achieved by 
HPLC. A particular attraction of this technique was the possibility of visually 
assessing the separated components.
The nature of the protonatable groups in the black tea pigments is less obvious 
than those in proteins, the usual analyte studied by IEF, but might include the 
heterocyclic (flavylium) oxygen and phenolic hydroxyls. The possibility of the 
involvement of amino acids or proteins, either in physical complexes or in 
covalent compounds, cannot be ruled out for the substances isolated from black 
tea, but would not be expected in the pigments produced by in-vitro oxidation of 
catechins alone, unless the PPO itself was being incorporated.
Previous attempts to separate black tea polyphenols by sucrose density gradient
column IEF (Jonsson and Pettersson 1968), unfortunately resulted in large
amounts of precipitate, masking any significant observation of separated 
isoelectric zones. Moreover, the isoelectric points were found to be inconsitent 
from one experiment to another. However, the more recent analytical IEF 
technique, using flat-bed acrylamide gels (O’Reilly 1982) (Photograph 1), has 
indicated that partial separation of the black tea pigments is possible, though 
significant smearing (presumably analagous to the precipitates found by Jonsson 
and Pettersson) was still observed. In the hope of improving upon the results 
previously achieved by O’Reilly, two methods of producing the pH gradient were 
selected for evaluation.
2.5.2 Materials and Methods
Flat-bed polyacrylamide gels were prepared and run under the conditions 
according to LKB methodology (for ampholine polyacrylamide gel plates pH 3.5 
- pH 9.5 and Polysciences Ltd. methodology (for Poly/Sep 47™ polyacrylamide 
gel plates, pH 3 - pH 10)). Samples of liquor for separation were prepared on 
wicks as follows:
Using a tea liquor as prepared and described in section 2.2, 10 ml volumes of 
liquor were passed through Sep-pak cartridges (Millipore). After passing 10 ml 
liquor through the cartridge, 10 ml distilled water was passed through to wash 
the now concentrated band of tea on the packing. The required dark tea fraction 
was eluted off the packing using methanol, several methanol eluates being 
combined, taken down to dryness at reduced pressure and redissolved in a 
minimum amount of distilled water. The aqueous concentrate was applied to the 
sample wicks, each wick taking up approximately 10-15 pi of material.
Photograph 2.1 - Separation of black tea liquor polyphenols by isoelectric 
focusing (O’Reilly 1982).
2.5.3 Results and Discussion
The separations achieved are illustrated in photographs 2.2 and 2.3. 
Unfortunately, in neither case were useful separations achieved and a somewhat 
pragmatic decision was taken to concentrate efforts on the HPLC method.
2.6 THE SEPARATION AND PREPARATION OF TR FOR SUBSEQUENT 
STRUCTURAL STUDIES
2.6.1 Introduction
The results reported in section 2.1 established that it was possible to separate 
many peaks from a black tea liquor that could not be classified as TF and which 
were assumed to be TR. It was not immediately possible to relate these TR peaks 
to those fractions previously described by Bradfield and Penney (1944), Roberts 
(1957) and Roberts and Smith (1963), though it was considered desirable to relate 
the current work to these classical studies. Moreover, since it is easier to collect 
individual ’pure’ substances from less complex TR mixtures, it was anticipated 
that preliminary fractionations of this type might greatly simplify the 
preparative part of the work.
The present studies envisaged the preparation of individual compounds in 
sufficient quantities for structure elucidation, this objective requiring that at 
least some of these products are stable. Information on the stability of the TR is 
not currently available, though section 2.6 describes experiments to try  and 
provide it.
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Photograph 2.2 - Separation of black tea liquor polyphenols by IEF using 
flat-bed ampholine polyacrylamide gel plates (pH 3.5 - 9.5).
*Photograph 2.3 - Separation of black tea liquor polyphenols by IEF using 
Poly/Sep 47*m polyacrylamide gel plates (pH 3.0 - 10.0).
2.6.2 Materials and Methods
A tea liquor was prepared as described in section 2.2 and an aliquot of this liquor 
(A) analysed by HPLC as described in section 2.1. The remainder of the liquor 
was extracted with an equal volume of ethyl acetate and the phases allowed to 
separate by standing. The resultant aqueous layer (C) was decanted, whilst the 
upper ethyl acetate layer (B) was washed with an equal volume of aqueous 
sodium hydrogen carbonate (2.5 % v/v). The washed ethyl acetate fraction (D) 
was kept and the resulting NaHCOg solution discarded.
2.6.3 Results and Discussion
Both the ethyl acetate fractions (B and D) were bright orange-red, whereas the 
aqueous phase was dark muddy-brown. Figure 2.20 compares the chromatograms 
obtained from HPLC analysis of the original liquor (A) and the two resultant 
phases (B and C), after initial partitioning with ethyl acetate, with detection at 
450 nm. It can be seen that the partition of the polyphenols between the two 
phases was not absolute, since some compounds from both the TF and TR classes 
are present in both fractions.
Figure 2.21 compares the chromatograms obtained from HPLC analysis of 
fractions B and D. Fraction D is TF-rich, the identity of the major peaks being 
confirmed as tf (peak 39), tfmg (peak 42), tfm g  (43) and tfdg (44), using 
standards obtained from model system fermentations. The SI TR originally 
present in fraction B have been removed in the bicarbonate washing, which being 
alkaline, could not conveniently be chromatographed. However, the substances 
removed can be detected by difference and are marked in the chromatogram of
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Figure 2.20 - Comparison of the chromatograms obtained from HPLC analysis 
of a whole black tea liquor and two resultant phases after partitioning with 
ethyl acetate. A, whole tea liquor; B, ethyl acetate fraction; C, aqueous fraction 
remaining after ethyl acetate extraction of whole liquor.
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Figure 2.21 - Comparison of the chromatograms obtained from HPLC analysis 
of unwashed ethyl acetate extract of whole black tea liquor and washed ethyl 
acetate extract using 2.5 % w/v aqueous Na2 COg. B, unwashed ethyl acetate 
extract; D, washed ethyl acetate extract.
fraction B in figure 2.21. Only a few substances constituting the SI TR appear to 
have been removed in the washing and it was therefore considered that the 
isolation of individual peaks could simply be achieved from further separation of 
the unwashed ethyl acetate and aqueous phases only. Fraction C would be 
expected to contain the Sla and SII TR. Comparison with the peaks lost in the 
bicarbonate washing show that peaks eluting during the time period 20-30 min 
(e.g. peaks 22-24; 27-29), are likely to be SI TR by current definition and earlier 
eluting peaks (e,g, peaks 10-13; 15) to be Sla TR. Though very few peaks at this 
stage can be assigned to the SII TR, these have been considered as higher 
molecular weight, non-dialysable material, which could represent the unresolved 
mass below the significant rise in baseline observed in the HPLC profile of 
fraction C, Figure 2.19.
2.6.4 Further separation of TF and TR enriched fractions using Sephadex 
LH-20 in combination with HPLC
2.6.4.1 Introduction
The results from section 2.6.3 demonstrated that fractionation of the whole black 
tea liquor by solvent partition, prior to HPLC analysis, provided a better basis 
for preparation of individual TR components, since the less complex mixtures 
could in general be better separated. Since Cattell and Nursten (1977) had 
demonstrated that pre-fractionation on Sephadex LH-20 was also helpful when 
applied to a whole black tea liquor, it was decided to evaluate whether solvent 
partition and Sephadex LH-20 chromatography could be combined 
advantageously.
2.6.4.2 Materials and Methods
A tea liquor (A) was prepared and partitioned with ethyl acetate to produce the
organic (B) and aqueous (C) extracts as described in 2.6.2. The aqueous extract
(C) was re-extracted exhaustively with ethyl acetate until the organic phase (B)
remained almost colourless. The ethyl acetate fractions (B) were combined and
taken down to dryness on a vacuum rotary evaporator, whereas the final
aqueous fraction (C) was freeze-dried. The ethyl acetate-soluble (TF-rich)
material (500 mg) was dissolved in a minimum amount of 60 % aqueous acetone
and separated on a previously equilibrated column of Sephadex LH-20 (90 cm x
•  -12.8 cm) using 60 % aqueous acetone at a flow rate of approximately 1 ml mm 
under gravity and 10 ml fractions were collected on a Redirac fraction collector 
(LKB-Pharmacia). Similarly the freeze-dried water-soluble (TR-rich) material ( 
500 mg) was dissolved in a minimum amount of 60 % aqueous acetone and 
separated as above. The 10 ml fractions from the LH-20 chromatography were 
examined for their absorbance at 450 nm (1 cm pathlength cuvettes) against 60 % 
aqueous acetone, using a model PU8800 UV-Visible spectrophotometer (Pye 
Unicam) and elution profiles were plotted (Figure 2.22). Aliquots (50 pi) of each 
fraction exhibiting significant absorbance at 450 nm were analysed by HPLC as 
described in section 2.1.
2.6.4.3 Results and Discussion
Figure 2.23 shows the HPLC profiles for 450 nm-absorbing fractions prepared 
from the ethyl acetate-soluble material by separation on Sephadex LH-20. Figure 
2.24 presents the equivalent information for the water-soluble fraction. By 
comparison with the chromatograms shown in figures 2.20 and 2.21,
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Figure 2.22 - Elution profiles at 450 nm of ethyl acetate-soluble (TF-rich) and 
water-soluble (TR-rich) extracts separated on LH-20 Sephadex. Solvent: 60 %
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Figure 2.23 - Profiles observed at 450 nm from HPLC analysis of major 450 
nm-absorbing fractions obtained from ethyl acetate-soluble (TF-rich) extract 
previously separated on LH-20 Sephadex.
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Figure 2.24 - Profiles observed at 450 nm from HPLC analysis of major 450 
nm-absorbing fractions obtained from water-soluble (TR-rich) extract 
previously separated on LH-20 Sephadex.
it can be seen that better resolution is achieved through the combination of 
LH-20 chromatography and HPLC. It was therefore concluded that such a 
combination would provide the basis of a method for isolation of individual TR 
for structure elucidation.
2.6.5 The isolation of individual components from black tea extracts using 
Sephadex LH-20 in combination with semi-preparative HPLC
2.6.5.1 Introduction
Examination of the profiles obtained by HPLC analysis of the TR-rich 
subfractions as descibed in section 2.6.4.3 (Figure 2.24) focussed attention on two 
peaks (labelled 10 and 19) as good targets for isolation and structure elucidation.
Peak 10 had been observed in almost all of the black tea liquors analysed and 
was therefore assumed to be a commonly occurring black tea component. In 
addition, it’s position in the profile (early eluting, ~ 11 min) indicated that it 
was not a TF (late eluting, R^ ~ 33 -38 min). I t’s appearance in fraction C, but not 
in B also suggested that it was either an Sla or SII TR compound. Peak 19 was 
observed in a TR-rich subfraction that had a distinctive purple-red hue and was 
possibly similar to the two peaks observed previously on the visible chromascan 
(Figure 2.14), having a ^max at 560 nm. Moreover, the position of this peak in 
the profile (Rt " 18 min) once again suggested that it was distinct from TF.
2.6.5.2 Materials and Methods
Fractions from the Sephadex LH-20 chromatography containing the peaks 10 or
19 were separately combined to maximise the yield of each, the acetone removed 
by rotary vacuum evaporation and the residual aqueous solutions freeze-dried. 
The freeze-dried fractions were redissolved in minimal volumes of distilled 
water (approximately 0.5 ml). Aliquots (100 pi) of each solution were analysed by 
HPLC, essentially as previously described in section 2.1, except that a 
semi-preparative column (25 cm x 1 cm) packed with 5 pm Hypersil ODS was
_ i
used at a flow rate of 3 ml mm .
Collection of the eluate at the flow cell outlet commenced as the baseline started 
to rise on the chart recorder and was discontinued just before the baseline was 
re-established. Similar fractions were combined and freeze-dried directly, since 
only small volumes of organic solvent were involved. These fractions were 
stored in aluminium foil wrapped vials at -18 °C.
2.6.5.3 Results and Discussion
Approximately 5 - 6  mg each of peaks 10 and 19 were isolated from a black tea 
liquor as described in section 2.6.5.2. Peak 10 was observed as being light yellow 
in colour, whilst peak 19 was slightly pink. The colours exhibited by these two 
peaks supported further the idea that these compounds were not TF but TR. It 
was considered however, that some spectral information on these peaks would 
also help in ascertaining their nature.
Figures 2.25a and 2.25b show the visible spectra which gave the visible ^max for 
peaks 10 and 19 respectively. For peak 10 this ^max was observed at 423 nm and 
for peak 19 at 489 nm. Such ^max values provided additional evidence that 
these peaks were not TF and justified the intention to carry out structural
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studies on them. These structural studies are reported in Chapter 5.
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Figure 2.25 - Absorption spectra indicating visible ^max of peaks 10 and 19 
isolated from a black tea liquor.
CHAPTER 3
3. EVALUATION OF METHODS
3.1 EVALUATION OF THE DEVELOPED HPLC METHOD FOR 
ANALYSING BLACK TEA LIQUORS
3.1.1 Introduction
In order to evaluate the HPLC method, it was felt necessary to choose black tea 
samples for analysis that would establish the method as capable of achieving two 
objectives:
(i) assigning peaks observed in the HPLC profile to products that are 
formed during fermentation and not artefacts, untransformed green leaf 
constituents or TF;
(ii) distinguishing between teas of different origin and quality as a result of 
differences in the contents of products of fermentation therein.
Two types of black tea sample were chosen to evaluate the attainment of 
objective (i). The first type was a set of sub-samples of a Kenyan tea removed 
from a factory fermentation line at intervals of 30 min from 30 to 150 min. The 
second type was a set of sub-samples of a Malawian tea (SFS 204 clone) removed 
from a miniature pilot-scale fermentation cabinet at intervals of 10 min from 0 
to 50 min. The attainment of objective (ii) was assessed by analysing black tea 
samples of known variation in quality from four different origins, Assam, 
Malawi, Kenya and Sri Lanka.
3.1.2 Materials and Methods
Samples of a Kenyan, Assam, Malawian (SFS 204) and Sri Lankan black tea were 
taken and their liquors prepared and analysed as described in sections 2.1 and 2.2. 
Integration of the peak areas in the HPLC profiles was carried out using the 
Trivector system as described in section 2.3.
3.1.3 Results and Discussion
3.1.3.1 The HPLC analysis o f  black teas o f  increasing fermentation times
Figure 3.1 shows the chromatograms from HPLC analysis of the liquors obtained 
from the Kenyan tea samples. The profiles demonstrate that the compounds 
being separated were either increasing or decreasing as a result of increasing 
fermentation time and were therefore probably not artefacts which arose from a 
standardised method of storage, liquor preparation or analysis. Moreover, the 
progressive appearance of substances absorbing at 450 nm implies that these are 
transformation products rather than green leaf constituents and resemble the TR 
as described by Roberts (1958a). Such implications were supported by the fact 
that no peaks were observed on a profile from similar HPLC analysis of a green 
tea at 450 nm.
Figure 3.2 illustrates for Kenyan teas the changes in the areas of the profiles 
occupied by the major TF (i.e. theaflavin, theaflavin-3-monogallate, 
theaflavin-3’-monogallate and theaflavin-3,3’-digallate as notated on the HPLC 
profiles of a whole tea liquor (Figure 2.7) relative to the area occupied by the 
TR and quantitatively minor TF (assumed for convenience to be the remainder
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of the peaks in the profile). Although the TF are always shown to be the major 
contributor to liquor colour at 450 nm, the ratio of TF:TR is seen to decrease 
from 4:1 at 30 min to 1.5:1 at 150 min. The loss in TF beyond 90 min
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Figure 3.1 - Profiles observed from HPLC analysis at 450 nm of black tea 
liquors obtained from sub samples of a Kenyan tea removed from  a factory 
fermentation line at intervals of 30 min from 30 min to 150 min.
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Figure 3.2 - Plot of integrated peak areas from HPLC profiles of the Kenyan 
tea sub samples against increase in fermentation time (o---ot theaflavins; x—x, 
thearubigins).
fermentation coincides temporally with an increase in TR and is thus consistent 
with TF being converted to TR. Although TF degradation is likely to occur 
throughout fermentation a net loss is observed only after the gallocatechins have 
been exhausted (Roberston 1983b).
The increase in the number of peaks eluting in the middle region of the profile 
(20-30 min), with increasing time of fermentation and the striking changes in the 
tea tasters’ assessments of the liquors over the same time period provides 
evidence of the organoleptic significance of these TR peaks. From a description 
of ’very thin and light’ at 30 min fermentation, the tasters’ comments changed to 
’still thin, but having some colour’, ’gaining a little thickness’, ’fairly thick and 
strong’ and ’thick, a little plain’, at 60, 90, 120 and 150 min fermentation 
respectively. The changes in the tea tasters’ perception of tea quality were 
therefore considered to be due, at least in part, to the increased formation of TR 
after 90 min and the loss in sensory characteristics associated with the TF, that 
began to fall at this time. The fact that changes described by the tasters were 
generally related to mouthfeel rather than colour, suggests that TR make less of 
a contribution to colour than they do to the body and mouthfeel characteristics 
of black tea liquors.
Figure 3.3 shows the changes occurring within the HPLG profiles of the liquors 
made from the Malawian tea clone SFS 204. Though without tea tasters’ 
comments, the profiles once again demonstrated that the peaks being detected 
along the trace, away from the known TF region, were arising as a result of 
fermentation and not artefactual. In comparison to Figure 3.2, Figure 3.4 shows 
for the Malawian teas, the equivalent changes in the areas of the profiles 
occupied by the major TF relative to that occupied by the TR and minor TF.
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Figure 3.3 - Profiles observed from HPLC analysis at 450 nm of black tea 
liquors obtained from sub samples of a Malawian tea (SFS 204 clone) removed 
from a miniature pilot-scale fermentation cabinet at intervals of 10 min from  0 
min to 50 min.
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Figure 3.4 - Plot of integrated peak areas from HPLC profiles of the Malawian 
tea sub samples against increase in fermentation time (o—o, theaflavins; x—x, 
thearubigins).
In the case of the Malwian tea both total TF and TR are observed to continue 
increasing over the 50 min fermentation period. This suggests that TR from 
oxidative breakdown of TF, at the point of gallocatechin exhaustion, has not yet 
become significant, though is imminent when the TF:TR ratio is observed to 
decrease from 1:2 to 1:0.8 over 30 min, but subsequently rise again to 1:0.86 after 
50 min.
3.1.3.2 The HPLC analysis o f  teas o f  different origin
Figure 3.5 illustrates that the TR region of the HPLC profile may vary for teas 
from different producing areas, these differences possibly arising as a result of 
different growing, processing and manufacturing conditions in the countries of 
origin.
The observation of the variations in this TR region of the profile together with 
the TF region provides information which can be related to known variations in 
certain quality attributes of the liquors e.g. brightness, body and thickness. The 
Malawian clone is known to lack flavour, but possess moderate body and thus 
usefully capable of providing colour to a blend that might otherwise be too dull. 
In comparison, this Sri Lankan tea has less colour and less body, being 
commonly described as thin and lacking depth of colour. Though teas such as the 
Sri Lankan tea may not have a particular quality parameter that they can 
usefully contribute to, they can act as a buffer tea in a blend. Greater brightness 
and greater depth of colour have been ascribed to greater TF content and 
greater body or mouthfeel to greater TR content (Roberts 1957). It is therefore 
interesting to note that the TR:TF ratio calculated from the HPLC profile is 0.50 
for the Malawian tea but 0.12 for the Sri Lankan tea.
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Figure 3.5 - Profiles observed from HPLC analysis at 450 nm  of black tea 
liquors obtained from teas of different country of origin.
3.2 ASSESSING THE RECOVERY OF TEA LIQUOR FROM THE HPLC 
COLUMN PACKING
3.2.1 Introduction
During the method development, it was noticed that a brown deposit collected at 
the top of the analytical column. Accordingly it was felt that an investigation 
was necessary to assess whether this material was of quantitative and /or 
qualitative significance to the investigations proposed.
3.2.2 Materials and Methods
Two chromatographic packings were selected:
(1) Hypersil 3 pm ODS (100 A pore size)
(2) Spherisorb 10 pm ODS (300 A pore size)
The extent of recovery was assessed by making a standard injection (50 pi) and 
rapidly eluting the material from the column with 70 % acetonitrile. After 
reducing the eluate to approximately 2 ml by rotary vacuum evaporation, the 
concentrated eluate was made up to exactly 2 ml with 70 % acetonitrile and the 
absorbance read at 450 nm. This value, obtained for both packings, was 
compared with the value obtained by diluting 50 pi of the tea liquor to 2 ml 
using 70 % acetonitrile.
3.2.3 Results and Discussion
Both column eluates represented aproximately 95 % of the 450 nm - absorbing 
material in the original tea liquor. It was concluded therefore, that quantitative 
losses were essentially identical for both packings and too small to be of concern. 
It must be noted however, that the above result only indicated the relative loss 
in material and cannot be regarded as an absolute determination. Differences in 
the final concentration of acetonitrile would have occurred not only between the 
samples read in the above comparison, but also in any eluate obtained from a 
separation using the developed HPLC method. Such differences may have 
altered the total absorption of the tea components at 450 nm. The material 
remaining on the top of the column might be highly polymerised material which 
could not be separated by the present HPLC method. The possibilty remains 
however, that this material has unique character distinct from that eluting, 
which merits study, but which will probably require an alternative analytical 
approach to HPLC.
3.3 ASSESSMENT OF GUARD COLUMNS AS A MEANS OF EXTENDING 
ANALYTICAL COLUMN LIFE
3.3.1 Introduction
The result of carrying out HPLC analysis of both unfiltered and filtered black 
tea liquors (as described in Chapter 2, section 2.2), made it necessary to inject 
unfiltered liquor onto the column. However, this had the effect of plugging the 
top of the column, increasing the back pressure within the system and rendering 
the analytical column useless, after only a few days of use. It was decided
therefore to investigate the possibilty of reducing the effect of plugging by using 
guard columns.
3.3.2 Materials and Methods
During the early part of this study, guard columns packed with 3 pm Hypersil 
ODS were not commercially available and a Waters Newguard system using a 5 
pm C^g cartridge was therefore tested. However, some time later into the study, 
guard columns became available that could be packed ’in house’ with 3 pm 
Hypersil ODS and this also was tested.
3.3.3 Results and Discussion
Unfortunately, though not perhaps unexpectedly, using the Waters Newguard 
system decreased the quality of the separation, when some pre-separation of the 
liquor components had undoubtedley occurred within the guard column itself. 
That there was a difference in character between the two types of packing 
material had to be considered as significant in rendering such a combination 
unsatisfactory for this purpose.
In contrast, a guard column packed ’in house’ with 3 pm Hypersil ODS gave 
separations comparable to those achieved with no guard column. Using a 
compatible guard column increased the life of the analytical column from a few 
days to several weeks, though significant back pressures still developed after 
such a period of constant use when the inlet frit became plugged and required 
the guard column to be repacked.
It was considered however, that some pre-separation of material may be
occurring on the guard column before the sample reached the analytical column. 
In order to maximise separation and the fact that analytical columns could 
easily be re-packed ’in house’, it was decided therefore that guard columns would 
not be used in any further analyses.
3.4 ASSESSING THE CAPABILITY OF THE CHROMATOGRAPHIC SYSTEM 
TO PROVIDE MATERIAL FOR STRUCTURE ELUCIDATION AFTER 
SCALING UP
3.4.1 Introduction
Structure elucidation requires the collection of mg quantities of individual 
products in relatively pure form. The collection of two such components, peaks 
(10) and (19) by semi-preparative HPLC was described in Chapter 2, section 2.6.5. 
Prior to attempting structure elucidation, it was desirable to assess the yield and 
purity of the islolated components and ensure that there had been no changes in 
chromatographic behaviour, when such changes would have indicated the 
material to have transformed.
3.4.2 Materials and Methods
Small amounts of the freeze-dried fractions which contained peaks (10) and (19), 
prepared as described in section 2.6.5 were redissolved in a small amount of 
distilled water and reanalysed by the HPLC method as previously described in 
Chapter 2, section 2.1.
3.4.3 Results and Discussion
Figure 3.6 shows the HPLC profiles of the collected peaks 10 and 19, compared to 
that of the whole liquor from which they originated. Further confirmation of 
their presence in the original tea liquor is shown from HPLC analysis of the 
whole tea liquor spiked with small amounts of the two substances (Figure 3.7).
The re-chromatography of peaks 10 and 19 demonstrated that the material 
contained within them was relatively stable, since it had been collected over a 
period of time and previously subjected to a number of chromatographic 
separations. This was encouraging with regard to any structural analyses that 
may be performed on them. However, it could not be assumed that such stability 
would be observed with all components, a problem considered previously by 
Bradfield and Penney (1946).
(Subsequent structural studies on these and other isolated peaks from the 
TR class are reported in Chapter 5).
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Figure 3.6 - Profiles observed from HPLC analysis at 450 nm of a whole black
tea liquor and peaks 10 and 19 isolated from the same black tea liquor.
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Figure 3.7 - Profiles observed from  HPLC analysis at 450 nm of a whole black
tea liquor and the same black tea liquor spiked with peaks 10 and 19.
3.5 ASSESSMENT OF WHETHER A COMBINATION OF THE MODEL 
SYSTEM WITH THE HPLC SYSTEM COULD PROVIDE 
INFORMATION ON PRECURSOR PRODUCT RELATIONSHIPS
3.5.1 Introduction
The in vitro model fermentation system applied to a catechin mixture was shown 
to be capable of mimicking the in vivo factory fermentation, by producing many 
of the compounds found by the HPLC analysis of a black tea liquor (Chapter 2, 
section 2.4). However, the model system profile differed from tea liquor profiles 
in the absence of a rising baseline, which presumably consisted of products that 
could not be resolved even on the 3 pm packing now being used. Since it was 
desirable for the products from the model system to resemble the products in 
the tea liquor as closely as possible, it was decided that the effects of stepwise 
modification of model system parameters on the HPLC profile must be 
investigated.
Time of fermentation was selected for priority attention because it was 
considered that the rise in baseline observed in HPLC profiles of black tea 
liquors represented unresolved high molecular weight material, previously 
referred to as non-dialysable SII TR material (Roberts 1958). Such material was 
later suggested to arise mainly from further oxidation of TF intermediates and 
TF (Robertson 1983a). Since such profiles would inevitably be as complex as 
those derived from black tea liquors, they would present much the same 
difficulties when attempting to collect peaks for elucidation of structure and 
precursor - product relationships. It was therefore also necessary to assess 
whether fermentation of defined catechin pairs (rather than catechin mixes),
followed by HPLC of the products would facilitate the achievement of the 
objectives referred to above.
3.5.2 Materials and Methods
Model systems were carried out as described in Chapter 2, section 2.4.2, but only 
using the catechin pairs (EGC + EC), (EGCG + EC), (EGC + ECG) and (EGCG + 
ECG) that would result in the production of theaflavin (tf), 
theaflavin-3-monogallate (tfmg), theaflavin-3’-monogallate (tf’mg) and
theaflavin-3,3’-digallate (tfdg) respectively. In addition, the air flow-rate was
-1 . . .reduced to 0.5 1 hr to reduce frothing and the fermentation time was varied
from 30 min to 2 hr. The products of model system fermentations were analysed 
by HPLC as described in Chapter 2, section 2.4.2.
3.5.3 Results and Discussion
Figures 3.8 - 3.11 show the HPLC profiles from extended in vitro oxidation of 
(EGC + EC), (EGCG + EC), (EGC + ECG) and (EGCG + ECG) respectively. They 
illustrate that extended fermentation time can lead to the development of a 
baseline drift similar to that observed from black tea liquors, suggesting that 
longer fermentations are a better model for black tea production. The 
fermentation of (EGC + ECG) however still failed to result in such a baseline 
drift. It could only be concluded at this stage that either this particular catechin 
pair was not capable of producing the rise in baseline under any condition or 
that the present conditions were not suitable. It is also clear that the choice of 
catechin pair influences the products of fermentation and that simpler profiles 
are obtained from the fermentation of each catechin pair compared to
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Figure 3.8 - Profiles observed from  HPLC analysis at 450 nm of an in vitro
oxidation of (EGC + EC) with increasing time. (In vitro oxidation conditions -
see 3.5.2)
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Figure 3.9 - Profiles observed from HPLC analysis at 450 nm of an in vitro
oxidation of (EGCG + EC) with increasing time. (In vitro oxidation conditions -
see 3.5.2)
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Figure 3.10 - Profiles observed from HPLC analysis at 450 nm o f an in vitro
oxidation of (EGC + ECG) with increasing time. (In vitro oxidation conditions -
see 3.5.2)
-120 -
2hr
1hr
Ec
oto<3-
«L>ucca.O
S-oCO•OC
30 min
Retention Time (min)
Figure 3.11 - Profiles observed from HPLC analysis at 450 nm o f an in vitro
oxidation o f (EGCG + ECG) with increasing time. (In vitro oxidation conditions
- see 3.5.2)
fermentation of the catechin mix. Though difficult to be sure at this early stage 
of the model system studies, it was observed that (EGCG + EC) and (EGCG + 
ECG) were able to produce the greatest number of resolvable TR peaks above 
any rise in baseline. This may be significant in the more extensive model system 
studies (described in Chapter 4) for making collection of products more easy and 
coupled with a knowledge of the precursors, facilitating the elucidation of 
biochemical pathways and product structure.
The use of 450 nm as the detection wavelength in the analysis of model 
fermentations arose simply through preference for this wavelength when 
analysing black tea extracts, where there was a need to avoid interference from 
380 nm-absorbing flavonol glycosides, yet still detect TF. However, with model 
fermentations, where flavonol glycosides are not present, this constraint no 
longer applies and 380 nm can be adopted. This has several advantages, 
illustrated in the chromascans (Figures 2.13, 2.14) of permitting i) a greater 
number of products to be detected and ii) a greater sensitivity. In addition, the 
TF could still be monitored at 380 nm and this was considered important with 
regard to their breakdown as one source of TR production (Robertson 1983a).
Nevertheless, the results from analysing the model system by HPLC at 450 nm 
provided a basis for any further model system studies. Such studies using 380 nm 
as the detection wavelength are described in Chapter 4.
CHAPTER 4
4. IN-VITRO MODEL SYSTEM STUDIES
4.1 STUDIES ON THE PRECURSOR-PRODUCT RELATIONSHIPS FOR 
BLACK TEA LIQUOR PHENOLS BY IN  VITRO ENZYMIC OXIDATION 
OF INDIVIDUAL CATECHINS
4.1.1 Introduction
Previous in vitro model system oxidations of catechin mixes under the conditions 
of air, pH 5.6 and 30 °C (Robertson and Bendall 1983; Robertson 1983a, 1983b), 
were shown to be qualitatively similar to in vivo factory oxidation, though 
higher levels of TF and TR were achieved with the model system. These workers 
also used 375 nm as the detection wavelength in the HPLC analysis of model 
system products, which as discussed earlier (Chapter 3, section 3.5), was 
considered suitable for further model system studies in this thesis.
From evaluating the potential to study precursor-product relationships by 
combining the model system with the now improved HPLC method (Chapter 3, 
section 3.5), it was clear that much difficulty would arise in attempting to 
interpret such relationships when fermenting complex catechin mixes. In order 
to simplify interpretation, it was decided therefore to concentrate on 
investigating these relationships by initially fermenting individual catechins. 
Such single catechin oxidations carried out under the conditions described above, 
would form the basis from which other model systems, carried out under other 
conditions could be studied.
4.1.2 Materials and Methods
In vitro oxidation of individual catechins was carried out as described in Chapter
-12, section 2.4, except that the air flow was reduced to 0.5 1 hr and the
fermentation time fixed at 30 min. In addition, due to the increased sensitivity at
the intended detection wavelength, catechins were used at an individual
-1concentration of 2 mg ml . The products of the model systems were analysed by 
HPLC as described in Chapter 2, section 2.1, except that the detection wavelength 
was set to 380 nm, the gradient elution time was reduced to 35 min and the 
injection volume was reduced to 20 pi.
4.1.3 Results and Discussion
Figures 4.1 - 4.5 show the HPLC profiles obtained from enzymic oxidation under 
air of (+)- catechin (C), (-)-epicatechin (EC), (-)-epigallocatechin (EGC), 
(-)-epicatechin gallate (ECG) and (-)-epigallocatechin gallate (EGCG) respectively, 
compared to the profiles obtained from oxidation of a standard mixture of the 
above six major green leaf catechins and a black tea liquor. Peaks obtained from 
the in vitro oxidations that are also observed in the HPLC profile of a black tea 
liquor are numbered (1 -44 representing the total range of black tea liquor 
profile peaks), whilst those produced from the in vitro oxidations that do not 
appear in the black tea liquor profile are lettered (A - Z representing the total 
range of non-black tea liquor profile peaks). Such notations have been adopted 
for these and all subsequent model systems studied in this chapter and where 
appropriate are described in a table format. It can be seen that some of the 
products associated with the oxidation of the catechin mix and observed in a 
black tea liquor are produced from enzymic oxidation of the individual 
catechins.
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Figure 4.1 - HPLC profiles obtained from in vitro oxidation o f C under air
compared with in vitro oxidation o f a catechin mix and black tea liquor.
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Figure 4.2 - HPLC profiles obtained from in vitro oxidation o f EC under air
compared with in vitro oxidation of a catechin mix and black tea liquor.
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Figure 4.3 - HPLC profiles obtained from in vitro oxidation of EGC under air
compared with in vitro oxidation of a catechin mix and black tea liquor.
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Figure 4.4 - HPLC profiles obtained from in vitro oxidation of ECG under air
compared with in vitro oxidation of a catechin mix and black tea liquor.
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Figure 4.5 - HPLC profiles obtained from in vitro oxidation of EGCG under air
compared with in vitro oxidation o f a catechin mix and black tea liquor.
The detection of negligible amounts of the four main theaflavins in all of the 
model fermentations with individual catechins confirms not only the purity of 
the catechins, but also that peaks observed in the profiles have arisen solely from 
oxidation of the individual catechins. The catechins and some possible products 
of in vitro oxidations such as gallic acid are not detected at 380 nm and thus do 
not appear on these and all subsequent chromatograms discussed in this chapter 
that are obtained from HPLC analysis of the model systems. TF are used as 
model system substrates and are discussed later in this chapter. Peaks not able to 
be matched when comparing profiles from individual oxidations with either a 
catechin mix fermentation or a black tea liquor, demonstrate the potential to 
produce other non-TF substances (assumed to be TR) from routes not accessible 
when the catechins are present in pairs or in a mix. This is clearly the case with 
some very early eluting peaks observed in the profile from oxidation of EGC 
(Figure 4.3). Comparison of the oxidation of ECG with the other fermentations, 
shows that fewer oxidation products were obtained. This is likely to be a 
reflection of the lower redox potential of ECG compared with the other 
catechins (Table 4.1) and possibly less than optimal conditions under which this 
fermentation was carried out.
In addition, the differences between the profiles obtained from oxidation of 
ECG and EGCG and the profiles obtained from EC and EGC respectively, 
implies that there is little or no hydrolysis of the galloylated catechins. Such 
non-hydrolysis can only be assumed from the profiles, where there is little 
similarity between them and gallic acid would not have been detected at 380 nm. 
It may be however, that with ECG for example, some TR peaks observed on the 
chromatogram are not from ECG itself, but from the formation and further 
oxidation of epitheaflavic acid. Such reaction pathways leading to the production
Table 4.1 - Order of ascending redox potential for the major green tea leaf 
catechins (Bajaj et al. 1987).
LESS (-)- EPIGALLOCATECHIN
(-)- EPIGALLOCATECHIN GALLATE 
(+)- GALLOCATECHIN 
(-)- EPICATECHIN GALLATE 
(-)- EPICATECHIN
V
MORE (+)- CATECHIN
of TR was also considered previously by Berkowitz et al. (1971). Moreover, it was 
observed that oxidation of the simple catechins, in particular EC, had resulted in 
a significant rise in baseline. This could not be explained by extended 
fermentation leading to TF breakdown and transformation (Chapter 3, section 
3.5), suggested as the origin of the baseline rise in some black tea extracts 
(Robertson 1983a). However, the rise in baseline was consistent with the findings 
of Robertson (1983b), who observed similar rises in baseline when analysing 
changes in total TR as a result of fermenting a catechin mix over an extended 
period of time. It was suggested by Robertson (1983a) that the rise in baseline 
observed in this study was merely the result of an inability to resolve material 
that could be produced from the oxidation of simple catechins and that this 
observation may therefore require that the interpretations previously proposed 
possibly need revision.
With the present HPLC method still resulting in a rise in baseline, when used to 
analyse either a black tea liquor or certain model systems, it is possible that at 
least some of the material under this baseline could be equated to Robert’s 
higher molecular weight, non-dialysable SII TR.
4.2 STUDIES GN THE PRECURSOR-PRODUCT RELATIONSHIPS FOR 
BLACK TEA LIQUOR PHENOLS BY IN  VITRO ENZYMIC OXIDATION 
OF CATECHIN PAIRS
4.2.1 Introduction
Though the single catechin oxidations had resulted in several peaks similar to 
those observed in the profile of a black tea liquor, they also resulted in some 
peaks not detected in the liquor. Such non-compatible peaks indicated that
certain oxidation pathways had occurred in the model system which do not 
closely follow those occurring in factory fermentation of whole leaf, where the 
catechins are not in isolation. This would not however present a problem 
regarding the isolation of novel catechin transformed products for structure 
elucidation, providing it is recognised that some of these non-compatible peaks 
may not be of black tea origin.
It was considered that by analysing peaks obtained from model systems using 
catechin pairs, oxidation pathways would be assessed that more closely followed 
those occurring in black tea manufacture, but which still resulted in profiles that 
were not too complex to interpret.
4.2.2 Materials and Methods
Model system fermentations were carried out under the conditions described in
section 4.1.2, except that the fermentation time was extended from 30 min to 1
. . . . -1hr. Catechm pairs were used at an individual catechm concentration of 2 mg ml
to produce not only TR but also the four main theaflavins, tf, tfmg, t f ’mg and 
tfdg as described in Chapter 2, section 2.4.2.
HPLC analysis of the products from these model systems was carried out as 
described in section 4.1.2.
4.2.3 Results and Discussion
Figures 4.6 - 4.9 show the HPLC profiles obtained from oxidation o f (EGC +
EC), (EGCG + EC), (EGC + ECG) and (EGCG + ECG) respectively, compared to
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Figure 4.6 - HPLC profiles obtained from in vitro oxidation of (EGC + EC)
under air compared with in vitro oxidation of a catechin mix and black tea
liquor.
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Figure 4.7 - HPLC profiles obtained from in vitro oxidation of (EGCG + EC)
under air compared with in vitro oxidation of a catechin mix and black tea
liquor.
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Figure 4.8 - HPLC profiles obtained from in vitro oxidation of (EGC + ECG)
under air compared with in vitro oxidation of a catechin mix and black tea
liquor.
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Figure 4.9 - HPLC profiles obtained from in vitro oxidation o f (EGCG + ECG)
under air compared with in vitro oxidation of a catechin mix and black tea
liquor.
the profiles obtained from oxidation of a standard mix of green leaf catechins or 
a black tea liquor. It can again be seen that several of the products associated 
with the oxidation of the mixed catechins and observed in a black tea liquor have 
been produced from the oxidation of paired catechins. However, compared to the 
individual catechin oxidations, these paired catechin oxidations have produced 
fewer peaks that are not found in the black tea liquor. This is strong indication 
of oxidative pathways taking place that more closely follow those taking place 
during factory fermentation.
In addition, the extended fermentation times have for at least two of the model 
systems resulted in the previously observed rise in baseline. The oxidation of 
(EGCG + ECG) and (EGC + ECG), gave relatively little rise in baseline compared 
with the other combinations after the equivalent periods of fermentation. Little 
change occurred within the profiles from these two combinations when 
extending the fermentation time further and it was concluded that either the TF 
formed from these pairs were generally more resistant to oxidative degradation 
compared with the other TF, or that they were more resistant to such 
degradation under the conditions employed. As reported in section 4.1.3, which 
discussed the oxidation of the individual catechins, the most prominent rises in 
baseline occurred in the presence of EC. This suggests that the rise in baseline 
may be due primarily to products of EC oxidation, arising independently of the 
assosciated oxidation of the gallocatechins, but further transformation of the TF 
cannot be ruled out. In either case such material appears to be beyond the 
resolution capabilities of the HPLC system and if possible to separate, will 
probably require alternative analytical approaches.
4.3 STUDIES ON THE PRECURSOR-PRODUCT RELATIONSHIPS FOR 
BLACK TEA LIQUOR PHENOLS BY IN  VITRO ENZYMIC OXIDATION 
OF INDIVIDUAL CATECHINS UNDER OXYGEN
4.3.1 Introduction
The fermentation of both individual catechins and catechin pairs under air (as 
described in sections 4.1-4.2), indicated that relatively long periods of time were 
required to obtain peaks as observed in the HPLC profile of a black tea liquor. 
Though more effective mixing of the catechins and PPO was possible in the 
model system, compared to commercial processing of tea leaf, the limited supply 
of oxygen available through the air supply may still have slowed down rates of 
reaction possible in the model system.
Since the potential existed to vary the gas supply to the model system, it was 
decided to investigate the fermentations of individual catechins under oxygen, to 
ascertain the importance of oxygen availability.
4.3.2 Materials and Methods
In vitro oxidation of individual catechins was carried out as described in section 
4.1.2, except that the air supply was replaced by an oxygen supply from a small
_i
cylinder at a flow rate of 0.5 1 hr and the fermentation time was returned to 
30 min. The products of the model systems were analysed by HPLC as described 
in section 4.1.2.
4.3.3 Results and Discussion
Figures 4.10 - 4.14 show the HPLC profiles obtained from enzymic oxidation of 
C, EC, EGC, ECG and EGCG respectively, under oxygen, compared to the 
equivalent profiles previously obtained under air.
In considering the effect of increasing the oxygen tension for C, it was 
immediately observed that there was a significant rise in baseline and that peaks 
19, 21, 24 and 31 had increased, whilst peak 32 had decreased. In addition, some 
earlier eluting peaks (12, 13) and later eluting peaks (27, 28, 30, 35 and 36) had 
appeared. Amongst those peaks that were not observed in the black tea liquor 
profile, peaks L and S increased and decreased respectively, with peak Q being 
newly formed. These latter peaks appear as the major peaks in these profiles and 
may provide one source of material for isolation and further structural studies. 
(It must be noted that here, as with all subsequent comparisons of 
chromatograms in this chapter, observed changes in peaks are only 
semi-quantitative, when equal weights of catechins are used and not equal mM 
concentrations).
With respect to EC (Figure 4.11), peaks 18, 20 and 25 are observed to increase, 
whilst peak 10 decreases. In general however, there is reasonable similarity 
observed in the peaks arising in the profiles for EC under the two conditions of 
air and oxygen. Amongst the non-black tea liquor profile peaks, only peak L has 
noticeably changed, by increasing, though some other minor peaks have 
appeared. The observation of peak L being formed from EC and C (if not a 
misclassification) suggests that either epimerisation has occurred, though this is 
unlikely, or a structural change has occurred within these catechins to remove
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Figure 4.11 - Comparison of HPLC profiles obtained from in vitro oxidation of
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Figure 4.14 - Comparison of HPLC profiles obtained from in vitro oxidation o f
EGCG under air and oxygen.
any structural distinction. Once again, the profile of EC under oxygen shows 
that there has been a significant increase in the rise in baseline.
The comparison of profiles for EGC (Figure 4.12), indicates a number of 
significant changes as a result of fermenting under oxygen. Peaks 9, 21, 37 and 38 
have increased, in particular peak 37, whilst peaks 3, 11 and 25 have decreased. 
Little change was observed amongst other peaks present and indeed, unlike the 
situation with C and EC, fermenting EGC under oxygen did not result in any 
significant rise in baseline. Fermenting ECG under oxygen (Figure 4.13), resulted 
in very little change in black tea peaks, but a decrease in peak I. Once again, 
there appeared to be no rise in baseline when fermenting under oxygen and this 
further suggests as was discussed earlier for ECG, that there has been little or no 
hydrolysis of this galloylated catechin, which would have enabled subsequent 
oxidation of EC. Comparisons for EGCG (Figure 4.14), shows that under oxygen, 
peaks 16 and 19 have increased and peak 21 has almost disappeared, but that 
other peak changes are not significant. As with ECG, little rise in baseline was 
observed and again suggests that there has been little or no hydrolysis of the 
galloyl ester of EGCG, making EGC available for subsequent oxidation.
Table 4.2 describes the combination of all the black tea liquor profile peaks 
obtained from the above single catechin oxidations under air and oxygen. Table
4.3 describes the equivalent combination for all the non-black tea liquor profiles. 
They show that several peaks have similarly been obtained from C and EC, 
which might be expected if as discussed previously, one of these two catechins 
has undergone epimerisation or there has been some structural change to remove 
the distinction between them. Though not shown in the tables the profiles from 
C and EC are the only profiles that show a significant rise in baseline as a result
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of fermenting under oxygen. This is consistent with the previous findings that 
only these two non-galloyolated simple catechins result in any significant 
production of the unresolvable, high molecular weight, non-dialysable SII TR 
(Robertson and Bendall 1983). Many of the earlier peaks in the profiles have 
arisen almost exclusively from EGC, whilst only a few peaks arising from ECG 
and EGCG also appear in the profiles from EC and EGC respectively and this 
highlights the probability that little degalloylation has occurred in these model 
systems. The possibility however, of such degalloylation occurring in the tea leaf 
during tea manufacture must not be ignored, when galloyl esterase activity may 
be present.
It was evident that the effect of running the model systems under oxygen 
compared with air was significant and demonstrated the importance of oxygen 
tension in the reaction mixture. If one considers again the scheme showing the 
formation of TF and TR as suggested by Robertson (1983a)(Figure 1.17), it would 
appear that as a result of altering oxygen tension, so the availabilty of catechin 
quinones is affected. Differences between the simple and gallocatechins in redox 
potential, as discussed by Robertson, are difficult to relate to levels of molecular 
oxygen and subsequent levels of available simple catechin quinones. It is still 
feasible however, that by altering the levels of oxygen, the rates of formation 
and concentrations of both simple and gallocatechin quinones are altered. This 
latter point is likely to be one explanation for differences observed between 
model systems run under air and oxygen for individual catechins, when there is 
no other catechin available with which to establish a redox couple. In altering 
the steady state levels of simple and gallocatechin quinones, it is envisaged that 
production of certain TR is either increased or decreased and as a consequence 
could affect the production of other TR, by altering the steady state
concentrations of precursor material.
Whilst it is difficult to explain how these differences have arisen, it is further 
suggested that if, as previously discussed, by altering the levels of oxygen, the 
rates of formation and concentrations of both simple and gallocatechin quinones 
are altered, so the relative rate of any individual reaction is likely to be altered.
4.4 STUDIES ON THE PRECURSOR-PRODUCT RELATIONSHIPS FOR 
BLACK TEA LIQUOR PHENOLS BY IN  VITRO ENZYMIC OXIDATION 
OF CATECHIN PAIRS UNDER OXYGEN
4.4.1 Introduction
The oxidation of certain catechin pairs under air (4.2) had shown that the rise in 
baseline could be reproduced as a probable result of oxidative degradation of TF, 
though TR from EC must also be considered. Those catechin pairs not resulting 
in a rise in baseline when similarly fermented under air, even for longer 
periods, may have been more resistant to any oxidative degradation, but only 
prevented from such by the limited amount of oxygen within the air supply. It 
was considered that by fermenting the catechin pairs under oxygen, the TF of 
those previously resistant to degradation may also break down and result in the 
rising baseline.
4.4.2 Materials and Methods
In vitro fermentation of catechin pairs was carried out as described in section 
4.2.2, except that the air supply was replaced by oxygen from a gas cylinder at a 
flow rate of 0.5 1 hr . The products of the model systems were analysed by
HPLC as described in section 4.1.2.
4.4.3 Results and Discussion
Figures 4.15 - 4.18 show the HPLC profiles obtained from fermenting (EGC 
+EC), (EGCG + EC), (EGC + ECG) and (EGCG + ECG) respectively, under 
oxygen, compared with the equivalent profiles obtained under air.
Figure 4.15 shows that on fermenting (EGC + EC) under oxygen compared to air, 
some earlier eluting peaks (11, 12,14 and 15) have arisen, in addition to peaks 25 
and O and S. Peak 37 appeared to remain relatively unchanged, whilst peaks 19, 
20 and M were observed to increase alongside a significant rise in baseline. Such 
an increase in baseline highlights the potential of oxidative breakdown of TF in 
general, but also of tf (peak 39) itself, which is observed to decrease and which 
could lead to the production of unresolvable TR. However, in this particular 
paired catechin oxidation, the contribution to this rise in baseline from EC, as 
has been previously observed (Figure 4.2) must not be ignored.
W ith respect to (EGCG + EC), the most obvious effect of running the system 
under oxygen was again an even more dramatic increase in baseline. In addition 
to peak 21 disappearing and peak 32 appearing, several other non-black tea liquor 
profile peaks, namely I, L and M appeared. Moreover, peaks 27-29 increased and 
peaks 38 and 42 (tfmg) decreased significantly. The significant drop in peak 42 
(tfmg) highlights again the effect of oxidative breakdown of TF in general and 
tfmg in particular, resulting in the large production of unresolvable TR 
material. The marked rise in baseline observed here with (EGCG + EC) is likely 
to be significant when once again one of the pair is EC.
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Figure 4.16 - Comparison of HPLC profiles obtained from in vitro oxidation of
(EGCG + EC) under air and oxygen.
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Figure 4.18 - Comparison of HPLC profiles obtained from in vitro oxidation of
(EGCG + ECG) under air and oxygen.
Figure 4.17 shows the negligible change in profile pattern as a result of 
fermenting (EGC + ECG) under oxygen, though a slight rise in baseline is 
observed. Such observations indicate that although there is the presence of EGC 
in this particular combination, in being paired with ECG rather than EC and 
under these fermentation conditions, the formation of tf’mg is favoured and 
having been produced it shows greater resistance to oxidative breakdown than tf 
or tfmg. In producing tf ’mg, not only is ECG unlikely to have been hydrolysed 
to release EC, but because of the rates at which both EGC and ECG are being 
oxidised, EGC also does not appear to have become available in isolation for 
further oxidation. Though difficult to explain, the greater resistance of t f ’mg to 
oxidative breakdown may in part be due to the increased stability of this 
monogallate and it’s stereochemistry i.e. the gallic acid moiety is positioned in 
the vicinity of the benzene part of the benztropolone ring, whereas in tfmg, the 
gallic acid is attached in the vicinity of the 7 membered ring of the 
benztropolone system.
Figure 4.18 shows that on fermenting (EGCG + ECG) under oxygen, there is not 
only a significant decrease in peaks 15,18, 20, 21, 24, 44 (tfdg), M and S, but also 
the appearance of peaks 26-29 alongside a noticeable rise in baseline. That peak 
44 (tfdg) has decreased also indicates that some oxidative breakdown of this 
particular theaflavin has occurred. The observed rise in baseline is more 
noticeable than that observed from tf’mg, but less than that observed from tf 
and tfmg. This suggests that the ’tfmg’ part of tfdg could be contributing, though 
not as effectively now, to TR production, possibly because of the 
3’-gallate-benzene ring interaction providing some stabilisation. The fact that 
EGCG is again present in this combination and could also contribute directly to 
TR production must however, also be considered.
Tables 4.4 and 4.5 show the combination of the peaks observed from the catechin 
pair fermentations under air and oxygen, for black tea liquor and non-black tea 
liquor profiles respectively. They indicate that the earlier eluting peaks come 
from (EGC + EC) and that there are some similarities between (EGC + EC), 
(EGCG + EC) and (EGCG + ECG), though a greater similarity between (EGCG + 
EC) and (EGCG + ECG). The peaks from (EGC + ECG) are not only smaller in 
number, but include very few peaks that also occur in the other combinations. 
The similarity in peaks arising from a combination involving EGCG, that is 
significantly different to those arising from the combination of EGC + EC, 
indicates that EGCG and EGC play a dominant role in directing peak formation, 
though EC also undoubtedly plays a significant role, particularly in the extent to 
which unresolved TR material can be produced.
The significant rise in baseline as a result of fermenting (EGC + EC) and (EGCG 
+ EC) under oxygen, compared with the equivalent oxidations under air 
highlight once again the important role played by oxygen tension and thus 
molecular oxygen in determining the steady state concentrations of simple and 
gallocatechin quinones. In such paired catechin oxidations however, the effect of 
the redox equilibration reaction on quinone production, must now also be 
considered. By increasing the levels of molecular oxygen, the effect of increasing 
the rate of formation of simple catechin quinones is enhanced by the effect of 
the redox equilibration reaction. The resulting increase in levels and thus 
availabilty of EC quinones would explain and be consistent with the previous 
observations of significant baseline rise when EC has been fermented either 
singly or as one of a pair. This baseline rise is extremely prominent in the case 
of (EGCG + EC) under oxygen and indicates not only the different redox 
potential EGCG has to EGC but also the greater susceptibilty to oxidation as a
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result of the increase in oxygen tension. Such changes in the levels of previously 
observed peaks in the profiles from fermentation under air or the production of 
new peaks is thus likely to result from changes in the levels of precursor 
material for TR production.
4.5 STUDIES ON THE EFFECT OF PH AND TEMPERATURE ON THE 
PRECURSOR-PRODUCT RELATIONSHIPS FOR BLACK TEA LIQUOR 
PHENOLS B Y 'IN  VITRO ENZYMIC OXIDATION OF INDIVIDUAL 
CATECHINS
4.5.1 Introduction
The results from PPO oxidation of both individual catechins and catechin pairs 
(4.1 - 4.4) clearly demonstrated the usefulness of in vitro oxidation as a model 
for in vivo oxidation occurring during black tea manufacture, but only studied 
the effects of variation in time and degree of oxygenation at constant 
temperature and pH. It was therefore felt necessary to study the effect on the 
model system of varying temperature and pH.
Robertson (1983a) had shown that on carrying out in vitro PPO oxidation of 
standard catechin mixes at pH 5.0 and pH 6.0, the oxidation of simple catechins 
was relatively unaffected compared to operating the systems at pH 5.6. In 
contrast, the oxidation of gallocatechins was decreased at pH 5.0 and increased at 
pH 6.0. The result of this however, was to alter the ratio of simple catechin 
quinones to gallocatechin quinones, thus favouring the formation of TF at pH
5.0, but TR at pH 6.0.
Similarly it was shown (Robertson 1983a) that at temperatures above 30 °C, the
formation of TR was favoured, whereas temperatures below 30 °C favoured the 
formation of TF, at the expense of the other. It was considered that the effects 
of pH and temperature, though perhaps negligible with respect to the simple 
catechins, compared to the gallocatechins should be further investigated, since 
now much more detailed information could be obtained from HPLC analysis of 
the model systems.
4.5.2 Materials and Methods
In vitro oxidation of single catechins was carried out as described in section
4.1.2., except that the citrate-phosphate buffer used as the reaction medium was 
set to the required pH (pH 5.0, 5.6 or 6.0), by adjusting either the amount of 
citrate or phosphate. The temperature of the reaction medium was set to the 
required temperature (20 °C, 30 °C or 40 °C), via a thermostatically controlled 
circulating water bath which supplied the water jacket of the oxygen electrode. 
Where pH was varied, the temperature was maintained at 30 °C and where 
temperature was varied, the pH was maintained at pH 5.6. HPLC analysis of 
products from the model systems was carried out as described in section 4.1.2.
The effects of pH and temperature on individual catechin oxidations and other 
model system fermentations (described later in this chapter), outside the pH 
range 5.0 - 6.0 and temperature range 20 °C - 40 °C were not investigated. 
Previous studies on the effects of such parameters for in vitro oxidations 
(Robertson 1983a), indicated that the above pH and temperature ranges resulted 
in the most significant changes for the catechins themselves and their TF and TR 
products. Moreover, whilst results obtained from studying pH and temperature 
effects outside these ranges may be of fundamental research interest, it was
considered unlikely for practical reasons, that they could be extended to factory 
operations. It was for these reasons that such studies in this thesis were limited 
to the ranges described.
4.5.3 Results and Discussion
Figures 4.19 - 4.23 show the HPLC profiles from in vitro oxidation of C, EC, 
EGC, ECG and EGCG respectively, at pH 5.0, 5.6 and 6.0. With respect to C 
(Figure 4.19), on increasing the pH, the most significant changes were the 
increases in peaks 19, L, M, 21 and Q. In addition, at pH 6.0, the rise in baseline 
was again observed though this was not as significant as that seen when C was 
run under oxygen (Figure 4.10).
The effect of increasing pH on the oxidation of EC (Figure 4.20), resulted in 
relatively little change in the profile pattern or the rise in baseline. However, 
some small increase was observed in peaks M, N, 20, 25, 28 and 31 at pH 5.6, 
before disappearing again at pH 6.0 and this suggests that pH 5.6 is a more 
suitable environment for TR production from this catechin.
Figure 4.21 illustrates that pH has very little effect on the oxidation of ECG and 
supports previous observations from model systems involving ECG, that this 
particular catechin does not contribute as significantly to TR production as the 
other catechins.
The relatively little effect of pH on the oxidation of C, EC and ECG (i.e. the 
simple catechins) was cleary not the case when oxidising EGC or EGCG. Figure
4.22 shows for EGC that on increasing the pH to pH 6.0, there is a dramatic
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decrease in virtually all of the peaks except peak 21. The enhancement of this 
peak is possibly consistent to some extent with the findings of Robertson (1983a) 
who observed that at pH 6.0, the gallocatechins oxidised at a considerably faster 
rate. Increasing the rate of oxidation may alter not only the rate of formation 
of the quinone, but potentially the relative rate of any individual reaction such 
as that leading to the formation of peak 21, at the expense of other reactions 
leading to the other peaks. In addition, in altering the pH environment of the 
reaction, some ionisation of the quinones might take place that could promote 
and stabilise the formation of compounds such as peak 21, again at the expense 
of others. It might be however, that peaks other than 21 are merely more 
susceptible to pH changes.
Though still not absolute quantification, normalisation of the plots in Figure
4.22 indicated that on increasing the pH from pH 5.0 to pH 6.0 there was a six 
fold increase in peak 21, suggesting that the observed increase in this peak is real 
and not a misinterpretation as a result of differences in plotting factors.
The effect of increasing pH on the oxidation of EGCG (Figure 4.23), shows that 
at pH 6.0, compared to pH 5.0, peak Q is enhanced at the expense of the other 
profile peaks and this is again consistent with a three fold increase in this peak, 
calculated from normalisation of the plots. Such enhancement of peak Q from 
this EGCG oxidation under increased pH is again likely to be due to the reasons 
as discussed above for EGC and as with the EGC oxidation, may provide another 
route for the isolation of TR material.
Tables 4.6 and 4.7 show the result of combining all the peaks arising from 
oxidising the single catechins under the various conditions of pH, for black tea
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liquor and non-black tea liquor profile peaks respectively. Once again, they show 
that C and EC produce several peaks that are common to each other. Though 
many of the early eluting peaks arise from EGC, some now also arise from EC 
and EGCG.' Peaks from ECG show some correlation with EGC and EC but are 
very few in number. As was previously observed, both EGC and EGCG appear to 
direct the pattern of peak formation.
Figures 4.24 - 4.28 along with the corresponding tables (Tables 4.8, 4.9) show the 
HPLC profiles and peaks obtained from oxidising C, EC, EGC, ECG and EGCG 
respectively, at 20 °C, 30 °C and 40 °C. They illustrate similarly the features as 
observed when these catechins were oxidised under different pH conditions. In 
doing so, they further support the inference that temperature has a relatively 
small effect on the oxidation of the simple catechins, but a significant one with 
regard to the gallocatechins. This observation is also consistent with the findings 
of Robertson (1983a). Of further interest is that whilst increasing the 
temperature for EGC oxidation promoted the same peak (peak 21) as promoted 
when increasing the pH for this catechin, for EGCG, increasing the temperature 
has now promoted peak 13, where the promoted peak for EGCG under increased 
pH was peak Q. In addition, normalisation of the profile peaks obtained from 
oxidation of EGC and EGCG under increased temperature, show an approximate 
ten fold increase in peak 21 and a six fold increase in peak 13. Such observations 
suggest that although similiar, the effects of increasing temperature may not be 
quite the same as that observed from increasing the pH.
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4.6 STUDIES ON THE EFFECT OF PH AND TEMPERATURE ON THE 
PRECURSOR-PRODUCT RELATIONSHIPS FOR BLACK TEA LIQUOR 
PHENOLS BY IN  VITRO ENZYMIC OXIDATION OF CATECHIN PAIRS
4.6.1 Introduction
It has been demonstrated in 4.5 that pH and temperature had an effect on the 
oxidation of single catechins, even if only significant with the gallocatechins. 
That being the case, it could be anticipated that in oxidising catechin pairs 
associated with the formation of the major TF, under similar variations of pH 
and temperature, the ratio of gallocatechins to simple catechins would be altered 
and presumably affect the formation of TF and assosciated TR. It was 
considered necessary therefore to carry out such paired catechin fermentations 
under the same varying conditions of pH and temperature as had been varied in 
the single catechin oxidations.
4.6.2 Materials and Methods
In vitro oxidation of catechin pairs was carried out as described in section 4.2.2. 
The citrate-phosphate buffer used as the reaction medium was set to the 
required pH and temperature as described in section 4.5.2. HPLC analysis of 
products from the model systems was carried out as described in section 4.1.2
4.6.3 Results and Discussion
Figure 4.29 show the HPLC profiles from PPO oxidation of (EGC + EC) at pH
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Figure 4.29 - Comparison of HPLC profiles obtained from in vitro oxidation o f
(EGC + EC) under varying pH.
5.0, 5.6 and 6.0 respectively. It can be seen that the tf level decreased as the pH 
was increased, whilst the quantity and complexity of the TR continued to 
increase across the increasing pH range studied, thus confirming similar 
observations by Robertson (1983a). The decrease in tf with increase in pH is 
concomitant with the marked increase in peak 37, together with a slight increase 
in baseline and the appearance of several earlier eluting TR peaks. Such changes 
in the levels of tf and TR are undoubtedly related to the effect of pH on the 
availability of the gallocatechin quinones and thus the ratio of simple to 
gallocatechin quinones. In addition, EC becoming available for isolated oxidation 
as a result of EGC becoming exhausted, will not only provide another source of 
TR but act as an electron carrier in the oxidative breakdown of theaflavin.
Figure 4.30 show the HPLC profiles from PPO oxidation of (EGCG + EC) at pH
5.0, 5.6 and 6.0 respectively. They again show the marked effect of increased pH 
on decreasing tfmg yield and increasing TR yield and are again consistent with 
the findings of Robertson (1983a), who showed that the gallocatechins are 
oxidised considerably faster at pH 6.0 compared to pH 5.0. At all of the pH 
values, there is a significant number of TR compounds with the baseline rise 
increasing markedly with increasing pH. Though the yield of tfmg remains 
relatively constant between pH 5.0 and pH 5.6, it decreases significantly at pH
6.0, relative to the total TR, the TR profile changing markedly from pH 5.0 to 
pH 5.6 and again at pH 6.0.
The effect of varying pH on the oxidation of (EGC + ECG) is shown in Figure 
4.31. The yield of tf ’mg itself is little altered as a result of increasing pH, but the 
yield relative to TR declines as the TR yield and diversity increases. At pH 6.0, 
there is a distinct rise in baseline, which has not been as pronounced in previous
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oxidations of this particular catechin pair. It is probable that as with other 
paired catechin fermentations, the greater influence of pH on TR production is 
not through TF degradation, but through the increased rate at which the 
gallocatechins are oxidised and thus the effect on the simple to gallocatechin 
ratio.
Figure 4.32 shows the effect of pH on PPO oxidation of (EGCG + ECG). The 
yield of tfdg itself appears to decrease above pH 5.6, but declines progressively 
relative to TR from pH 5.0 to pH 5.6 and again at pH 6.0. Subsequently, as the 
pH is increased, the yield and diversity of TR is increased. In particular, the 
increase in peak 18 between pH 5.0 and pH 5.6 and decrease between pH 5.6 and 
pH 6.0 is quite striking and suggests that pH may be a useful parameter for 
promoting such a peak for further structural studies.
Tables 4.10 and 4.11 show the result of combining all of the peaks arising from 
catechin pair oxidations under the various pH conditions, for black tea liquor 
and non-black tea liquor profile peaks respectively. They show immediately that 
the peak patterns have been shifted towards the right of the chromatogram i.e. 
there are very few, very early eluting peaks as was observed when the single 
catechins were fermented. They also indicate that very little TR material (i.e. 
resolvable TR) has arisen from (EGC + EC), the best source of TR coming from 
(EGCG + EC). (EGCG + ECG) appears to give the second best source of TR, 
(EGC + ECG) giving a poor yield of TR but not as poor as (EGC + EC). Of 
further interest to note here is that when such paired catechin oxidations were 
carried out under oxygen, again the best source of resolvable TR arose from 
(EGCG + EC), followed by (EGCG + ECG). However, (EGC + EC) appeared to 
give a better source of this TR than (EGC + ECG), suggesting that oxygen
A
bs
or
ba
nc
e 
at 
38
0 
nm
ECG + EGCG (pH 5.6)u
tfdG
tfdG
44
ECG + EGCG (pH 5 .0 )
35R eten tion  Time (min)
Figure 4.32 - Comparison of HPLC profiles obtained from in vitro  oxidation of
(EGCG + ECG) under varying pH.
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tension and pH have different effects on the oxidation pathways for these latter 
two combinations.
With respect to TR production, the involvement of EGCG seems to be a 
prerequisite. The lack of a gallate in a gallocatechin reduces TR yield, but EGCG 
gives the best yield of TR when the simple catechin lacks a gallate. However, if 
the gallocatechin lacks a gallate, more TR is obtained if the simple catechin has a 
gallate. This would indicate that the gallic acid moiety is also important in 
directing the pathway of TR production and possibly becoming an integral part 
of the final TR compound structure. Such observations are difficult to explain 
in terms of ability of each TF fraction to yield TR and the stereochemistry of 
the precursor compounds. It may be however, that the various TF compounds 
are not precursors to the resolvable TR, but during their formation, give rise to 
some common intermediates that follow a number of further oxidation pathways 
leading to TR, which can be influenced by pH and temperature. It must be also 
considered however, that the TF compounds, once formed, in addition to 
representing one type of end product, are also likely to be intermediates to the 
production of the non-resolvable TR, which results in the rise in baseline.
Figure 4.33 show the HPLC profiles from fermenting (EGC + EC) at 20 °C, 30 °C 
and 40 °C . The profiles demonstrate that the level of tf itself decreased 
noticeably as the temperature was increased from 20 °C to 30 °C, decreasing 
significantly as the temperature was increased to 40 °C. Peak 37 however, 
appeared to remain relatively constant with similar increases in temperature. 
The levels of TR increased with increasing temperature along with a major rise 
in baseline with a much greater diversity of TR and this is again consistent with 
the observations of Robertson (1983a).
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Figure 4.33 - Comparison of HPLC profiles obtained from in vitro oxidation o f
(EGC + EC) under varying temperature.
Figure 4.34 shows the HPLC profiles from fermenting (EGCG +EC) at 20 °C, 30 
°C and 40 °C. Compared to (EGC + EC) under these conditions, the rise in 
baseline with increasing temperature is observed to be much greater with (EGCG 
+ EC). This rise in baseline has been attributed to unresolved TR material which 
has arisen, at least to some extent, from the oxidation of EC alone. However, 
baseline elevation is much greater when EGCG rather than EGC is present in the 
mixture as previously reported in section 4.2. Furthermore, in contrast to (EGC 
+ EC), as temperature is increased, so tfmg appears to increase. At all 
temperatures, there is a significant number of TR compounds with the baseline 
drift increasing markedly with increasing temperature. Tfmg appears to increase 
in absolute terms as temperature is increased from 20 °C to 30 °C, but probably 
declines relative to total TR at 30 °C and definitely so at 40 °C. On comparing 
the effect of temperature and pH on this particular catechin pair oxidation, 
increasing the pH appears to shift the direction of tfmg to TR in a more 
pronounced manner than raising the temperature.
Figure 4.35 shows the HPLC profiles from fermenting (EGC + ECG) at 20 °C, 30 
°C and 40 °C. It can be seen that there is a similar pattern of slightly decreasing 
tf ’mg and increasing TR with increasing temperature, though the yield relative 
to TR declines as TR yield and diversity increases. The increase in TR however 
and thus rise in baseline is much more evident at 40 °C, compared to that 
obtained for this catechin pair under any of the conditions of PPO oxidation 
previously used. This indicates that degradation of tf ’mg, oxidatively or 
otherwise, is affected more by incubation temperature than time of 
fermentation or degree of oxygenation compared to the degradation of other TF.
Figures 4.36 shows the HPLC profiles from fermentation of (EGCG + ECG) at 20
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Figure 4.34 - Comparison of HPLC profiles obtained from in vitro  oxidation o f
(EGCG + EC) under varying temperature.
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Figure 4.36 - Comparison of HPLC profiles obtained from  in vitro oxidation o f
(EGCG + ECG) under varying temperature.
°C, 30 °C and 40 °C. Once again the effect of increasing temperature is very 
significant in the reduction of TF and increase in TR. The yield of tfdg itself 
declines above 30 °C, but the yield relative to TR declines progressively from 20 
°C to 40 °C as the yield and diversity of TR increases with the rise in baseline 
being very marked at 40 °C.
On comparing all of the catechin pairs oxidised under varying conditions of 
temperature (Tables 4.12 and 4.13), it is again apparent that (EGC + EC) gives the 
poorest yield of TR, (EGCG + EC) giving the greatest yield and diversity of TR, 
which is enhanced at higher temperatures. Though (EGC + ECG) gave a poor 
yield of TR, it was slightly better than (EGC + EC). (EGCG + ECG) gave the 
second best source of TR yield and diversity and like (EGCG + EC), this was 
enhanced at higher temperatures. Once again as with varying pH, the effect of 
temperature is observed to be very significant in directing the formation of TR, 
not only through potentially common intermediates other than TF, but also 
through TF with respect to non-resolvable, high molecular weight TR.
4.7 STUDIES ON THE PRECURSOR-PRODUCT RELATIONSHIPS FOR 
BLACK TEA LIQUOR PHENOLS BY IN  VITRO ENZYMIC OXIDATION 
OF ISOLATED TF
4.7.1 Introduction
It was considered that oxidative breakdown of TF was to some extent, 
responsible for the formation of unresolved TR material, which had resulted in 
the rise in baseline on the HPLC profiles (Robertson 1983a, Figure 1.17). Such 
breakdown had however, only been observed through paired catechin oxidation
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and it was therefore not possible to determine precisely the precursors of the 
unresolved material. If TF breakdown became much more significant at the 
point of maximum TF production, this point would also coincide with the 
exhaustion of the gallocatechins and oxidation of the now available simple 
catechins. The rise in baseline as a result of TF breakdown could therefore 
originate either from oxidation of TF alone or the coupled oxidation of TF and 
the simple catechins, in which the simple catechin quinones could act as electron 
carriers.
TR production related to the electron carrying capacity of the simple catechins, 
or more precisely, the simple catechin quinones, was previously discussed by 
Robertson (1983a). This route of TR production however, was concerned with the 
coupled oxidation of TF intermediates, before the intermediates were allowed to 
oxidise further through to TF. Nevertheless, it was also probable that the simple 
catechins with their higher redox potentials compared to the gallocatechins, were 
involved in coupled oxidations of TF. Bajaj et a l  (1987), also suggested that such 
coupled oxidations between simple catechins and TF could occur during 
fermentation, when they investigated the effects of EC and EGC on TF 
oxidation. They demonstrated that EGC had little effect on TF oxidation, 
whereas EC caused significant TF oxidation and suggested that this was the 
result of the lower redox potentials of the gallocatechins compared to the TF. 
Such lower redox potentials was considered as one explanation for the 
gallocatechin quinones not to act as electron carriers in the oxidation of TF but 
instead polymerise to form TR. Such a route for TR production was also 
considered by Robertson (1983a) and suggested by Bajaj et al (1987) as one 
explanation for the relatively small amount of gallocatechins surviving in black 
tea compared to the amount of simple catechins.
The work of Bajaj et al. (1987) also showed that in the presence of EC, the TF 
monogallates degraded to a greater extent compared to theaflavin, whilst 
degradation of the digallate (tfdg) was negligible, even after two hours of 
oxidation. Such observations are slightly contrary to those made by Robertson 
(1983a) who showed that the largest decreases in TF occurred with the mono and 
digalloylated TF and that these were a likely source of gallic acid which 
increases throughout fermentation (Roberts and Wood 1951).
It was felt necessary therefore, even if only as a preliminary study to investigate 
and clarify these observations of this TF degradation.
4.7.2 Materials and Methods
Model system fermentations were carried out under the conditions described in
section 4.1.2., except that the substrates used were EC and tf, tfmg, tfm ’g and
tfdg, the TF obtained using semi-preparative HPLC as described in Chapter 2,
-1section 2.6.5. All substrates were at a concentration of 2 mg ml , the 
fermentation time being reduced from 30 min to 10 min, when this was 
sufficient to observe the major changes in the HPLC profiles. The products of 
the model systems were analysed by HPLC as described in section 4.1.2.
4.7.3 Results and Discussion
Figures 4.37(a-b) and 4.38(a-b) show the HPLC profiles from in vitro oxidation of 
(tf +EC), (tfmg + EC), (tfm’g + EC) and (tfdg + EC) respectively. They 
demonstrate that in every case, the effect of adding EC is significant in the 
degradation of the respective TF, when, although not shown, the oxidation of
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such TF with PPO only did not result in any significant decrease in TF.
Where the breakdown of TF occurred, this was within the first 5 - 1 0  min of 
fermentation, illustrating the efficiency of electron carrying capacity of the 
simple catechins in the coupled oxidation with TF. Furthermore, alongside the 
degradation, the rise in baseline is again evident though associated now with a 
slightly different profile to that obtained from fermenting EC alone and for a 
longer time of 10 - 20 min. These observations indicate that whilst EC may still 
be contributing significantly to the unresolved TR material, some contribution to 
this fraction is now likely to come from TF breakdown (Tables 4.14 and 4.15).
Of particular interest is the significant degradation of tf’mg in the presence of 
EC, when comparatively little degradation was observed with other model 
system fermentations of (EGC + ECG) that produced tf ’mg, though pH did 
appear to have some effect on producing a rise in baseline (section 4.6). This was 
still not however as significant as any degradation and thus rise in baseline seen 
with the other three TF model system fermentations under similar conditions. 
Moreover, Robertson (1983a) showed that having produced tf ’mg in a model 
system, continuation of the fermentation under oxygen did not result in any 
significant loss of tf ’mg, as was the case with the other three theaflavins 
similarly run under oxygen. This observation appears to conflict with that made 
in this present study and suggests that for whatever reasons, though probably 
those of availability of appropriate substrates, reaction conditions and 
stereochemistry, tf ’mg is more resistant to degradation when present amongst 
other TF and TR, rather than in isolation. These questions regarding the nature 
of TF breakdown, particularly in the presence of potential electron carriers and 
under varying conditions, though not investigated here, are suggested as required 
areas for further study.
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4.8 STUDIES ON THE EFFECT OF FERMENTATION TIME, OXYGEN 
TENSION, PH AND TEMPERATURE ON THE PRECURSOR-PRODUCT 
RELATIONSHIPS FOR BLACK TEA LIQUOR PHENOLS BY IN  VITRO 
ENZYMIC OXIDATION OF CATECHIN MIXES
4.8.1 Introduction
The model systems carried out so far have demonstrated the significant effects 
of oxygen tension, pH, temperature and fermentation time on the oxidative 
transformation of single and paired catechins and the possible role of simple 
catechins in coupled oxidations with TF.
In-vivo factory manufacture however, can clearly only involve the fermentation 
of all of the catechins and thus requires that for any comparative in-vitro 
studies, fermentation of catechin mixes should also be carried out under these 
conditions.
4.8.2 Materials and Methods
In vitro oxidations of catechin mixes were carried out under the conditions 
described in section 4.1.2, except that a mixture containing the six major 
catechins (C, EC, EGC, GC, ECG and EGCG) were used as the substrate at an 
individual catechin concentration of 2 mg ml"^. The citrate-phosphate buffer 
used as the reaction medium was set to the required pH and temperature as 
described in section 4.5.2. In investigating the effect of fermentation time, a 
period of up to 1 hr was used, which enabled the major changes in the profile to 
be observed. All other catechin mix oxidations were carried out for a period of 
30 min. The products of the model systems were analysed by HPLC as described
in section 4.1.2.
4.8.3 Results and Discussion
Figure 4.39 shows the HPLC profiles obtained from fermenting the standard 
catechin mix under air for 30 min and 1 hr respectively. Figure 4.40 shows the 
equivalent profiles for fermentation under oxygen for 15 min and 30 min 
respectively. They demonstrate that as a result of extended fermentation time, 
the rise in baseline and thus formation of unresolved TR material can again be 
observed. By comparison with the results obtained from the compositionally less 
complex model systems, this unresolved TR material is presumably derived from 
the interaction of simple catechin quinones and TF and in particular tf ’mg and 
tfdg, since their relative concentrations decline with extended fermentation 
times. The oxidation of the catechin mix under oxygen once again demonstrates 
that because of the greater availability of molecular oxygen to PPO, the 
turnover of substrate to product is increased and in this case results in the 
earlier observation of the rise in baseline (Tables 4.16, 4.17).
Figure 4.41 shows the HPLC profiles obtained from fermenting the standard 
catechin mix under air at pH 5.0, 5.6 and 6.0. Figure 4.42 shows the equivalent 
HPLC profiles at 20 °C, 30 °C and 40 °C. The effect of pH on the profile 
obtained from a catechin mix fermentation under air (Figure 4.41) demonstrates 
the significant increase in peaks in the middle region of the profile (Rt = 10-20 
min) and peak 10 as a result of increasing the pH from 5.0 to 6.0. Such 
observations are consistent with the interpretation that the effect of pH seen 
here is the combined result of the effect of pH previously observed with single
A
bs
or
ba
nc
e 
at 
38
0 
nm
- 2 0 5 -
tf
39
Catechin Mix (Air)
tfMG
43
tfdG38V
tdkJv33
tf
39
Catechin Mix (Air)
(30 min)
tfmG,
L44 tfdG
35
30
402*
Retention Time (min)
35
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and paired catechin fermentations.
The profiles shown in Figure 4.42 once again illustrate the significant effect of 
increase in temperature on the increase in peaks in the middle region of the 
profile (R^ = 10-20 min). In addition, peak 10 is again observed to increase 
significantly. This peak having previously been isolated from a black tea liquor 
for further structural studies ( also referred to as peak 10 in Chapter 2, section 
2.6.5), once again appears as a major product arising from the fermentation of 
the equivalent catechin mix and this further justifies the decision to investigate 
this peak. The fact that peaks such as peak 10 have been increased with increasing 
pH to an even greater extent than observed when increasing the temperature, 
highlights the potential of using such a parameter to enhance the formation of 
certain peaks and thus facilitate their isolation for further structural studies.
Aside from the extended catechin mix oxidations, all other catechin mix 
oxidations in this series of experiments reported in section 4.8 have not been 
continued to the point of TF breakdown and potential subsequent rise in 
baseline. Such catechin mix oxidations were set out to investigate the effects of 
temperature and pH and have therefore not gone beyond maximum TF 
production, but only to the point where the most information on peak 
production can be obtained as a result of changing those parameters.
Figure 4.43 shows the HPLC profiles obtained from fermenting the standard 
catechin mix under oxygen at pH 5.0, 5.6 and 6.0. Figure 4.44 shows the 
equivalent profiles at 20 °C, 30 °C and 40 °C. By increasing the pH of 
fermentation under oxygen, again the effect on the profile is observed to be 
similar to that obtained from the equivalent fermentation under air (Figure
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4.41), only more pronounced. In particular, the effect on the increase in peak 10 
is so significant here compared to any of the other catechin fermentations, that 
one must consider the potential synergistic effects of increasing pH and oxygen 
tension as a means of isolating sufficient quantities of material for further 
structural studies.
The profiles in Figure 4.44 illustrate similarly the effect of increasing 
temperature on the profile as seen with the equivalent catechin mix 
fermentation under air (Figure 4.42). What is clearly evident however, is that 
for the same period of fermentation, when under oxygen, the effect is 
magnified. In addition, certain peaks (e.g. peaks 22 and 25) within the middle 
region of the profile, have been increased to a greater extent than their closest 
neighbours as a result of increasing pH and temperature and thus once again 
lend themselves to isolation for further structural studies. Tables 4.18 and 4.19 
show the combinations of all the peaks obtained from oxidising catechin mixes 
under air and oxygen at different temperatures and pH, for black tea liquor and 
non-black tea liquor profile peaks, respectively. Though not describing the 
changes in yield of certain peaks, they illustrate the consistency with which the 
catechins undergo oxidative transformation and that their pathways of oxidation 
are restricted to some extent when present as a mix rather than allowed to 
oxidise alone or as one of a pair.
The results from the model system fermentations studied in this chapter are 
observed as being consistent with those from previous in vitro studies using 
whole leaves (Vuataz 1968, 1969) or black tea manufacture studies (Cloughley 
1980; Cloughley and Ellis 1980). In addition, they have been consistent with other 
similar in vitro studies (Hilton 1972; Sanderson et al. 1972; Robertson and Bendall
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1983; Robertson 1983a, 1983b). In doing so, there has been a clear demonstration 
in the suitability of using such an in vitro system to investigate the effects of 
varying conditions under which in vivo black tea fermentation takes place. 
Furthermore, it has shown great potential for tailoring the fermentation 
conditions so that selected compounds from the TR class, that are presently 
uncharacterised chemically, can be isolated for further structural studies. With 
the chemical complexity of the TR, their isolation as relatively pure compounds 
from an in vitro oxidation is likely to be easier compared to their isolation from 
a tea liquor. The potential in the tea liquor for TR to complex with other 
components such as caffeine, protein and carbohydrate would be removed when 
using the model system and thus make any further structural studies also a little 
easier. In addition, interpretation of structural data on a TR compound isolated 
from a particular model system fermentation would possibly be easier when 
there would be some knowledge of it’s precursors. These points are prerequisites 
to understanding more fully the nature of TR and that where compounds in this 
class are considered as genuine contributes to tea quality in the long term, to 
promoting their concentration from catechin source to the final black tea 
product.
CHAPTER 5
5. STRUCTURAL ELUCIDATION OF ISOLATED COMPOUNDS
5.1 PRELIMINARY STRUCTURAL INFORMATION ON PEAKS 10 AND 19 
ISOLATED FROM A BLACK TEA LIQUOR
5.1.1 Introduction
The separation and analysis of black tea liquor polyphenols by the techniques 
discussed in Chapters 2 - 4, indicated the potential to isolate several non-TF 
compounds (assumed to be TR) for further structural studies. Indeed, two such 
compounds (peaks 10 and 19) had already been isolated from a black tea liquor 
(as described in Chapter 2, section 2.6.5) for this purpose. It was considered 
however, that any structural data obtained for these compounds might still be 
difficult to interpret when there was no information regarding their biochemical 
precursors.
5.1.2 Materials and Methods
Peaks 10 and 19 were isolated in mg quantities as described in Chapter 2, section
2.6.5.2 and analysed by Fast Atom Bombardment Mass Spectrometry (FAB-MS) 
and Thermospray LC-MS as described in Appendix 6.
5.1.3 Results and Discussion
Unfortunately, relatively little data were obtained on either of the two peaks by 
FAB-MS or Thermospray LC-MS. Under negative ion FAB, the most important 
ion observed for both peak 10 and peak 19 was at m/z 421, indicating a molecular
weight of 422. Such an ion would be expected from phenolic compounds under 
these FAB conditions. In addition, confirmation of the ion being present was 
given by ions observed above the molecular ion which were adducts of glycerol 
and sample, this again being a common occurrence in FAB. This would 
correspond to a loss of 20 mass units from ECG or 36 mass units from EGCG. It 
might correspond to oxidation (-2H) to a quinone plus dehydration (-H^O) from 
ECG, but in the absence of supporting data, such speculation is not helpful.
5.2 POSSIBLE STRUCTURAL INFORMATION ON PEAK 13 ISOLATED 
FROM A MODEL SYSTEM FERMENTATION
5.2.1 Introduction
It was possible that some of the problems associated with the analysis of peaks 10 
and 19 by FAB-MS and LC-MS resulted from the peaks being isolated from a 
black tea liquor and as a result being complexed with other non-phenolic 
material. Though structure elucidation studies were not a priority in this thesis, 
it was considered that they may be easier if material from a model system 
fermentation was isolated. In isolating a compound from in vitro oxidation of a 
single catechin, not only was the isolation from a less complicated profile likely 
to be easier, but any data interpretation could be related to the known structure 
of the catechin precursor.
5.2.2 Materials and Methods
Peak 13 was isolated in mg quantities from several combined in vitro oxidations 
of EGCG under air at pH 5.6, as described in Chapter 2, section 2.6.5.2. The
compound was then analysed first by Mass Spectrometry, followed by NMR 
spectroscopy as described in Appendix 7.
5.2.3 Results and Discussion
Once again, MS and NMR data obtained for this compound was inconclusive in 
any structural elucidation, but highlighted some points of interest which will 
now be discussed:
i) The HPLC separation of EGCG and the compound represented by peak 13 has 
been achieved and UV spectra for the two compounds are different, that of the 
peak 13 losing some absorbance at 280 nm but gaining some absorbance into the 
visible region (Figure 5.1). Peak 13 was also observed as being light yellow in 
colour. These observations provided incontrovertible evidence that peak 13 was a 
transformation product of EGCG.
ii) MS data indicated that the compound resembled a "dimer" of EGCG with a 
molecular ion at 911 in (negative) ion mode i.e. a molecular weight of 912, 4 
protons less than twice the molecular weight of EGCG (2 x 458), (Figure 5.2).
iii) The "dimer" gave a positive reaction with Porter’s reagent (Porter et al. 1986 
- see Appendix 5) suggesting that it was proanthocyanidin in nature. i.e. under 
conditions favouring autoxidative depolymerisation, a red pigment was produced.
iv) Because of the well known proanthocyanidin structures, it was deduced that 
linkages in such a "dimer" were likely to be of the commonly found C^-Cg 
(Nonaka et al. 1983) or possibly C ^-C ^  (Nonaka et al. 1983). However, the latter
A
bs
or
ba
nc
e 
A
bs
or
ba
nc
e
-221-
,242
25 6 336 370210
.5 3 9
M l
210 2 5 0  290 330 370
Xfnm)
Figure 5.1 - UV absorption spectrum of (a) EGCG and (b) peak 13 from  EGCG 
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have been reported in compounds referred to as theasinensins (Nonaka et al. 
1983) which are not typical proanthocyanidins, but nevertheless need to be 
considered as one possibility. Moreover, it is not known whether such
theasinensins would also give a positive reaction with Porter’s reagent. (^H and
13 . . . . .C NMR data indicating typical chemical shifts for such linkages are shown m
Tables 5.1, 5.2).
v) With no detectable loss of unexchangeable protons, despite the molecular ion
implying dimerisation from loss of four protons, suggested the loss of four
exchangeable protons since these would not have been observed in the NMR
under the conditions employed. Such a loss would also suggest oxidation, with
the the most likely sites being the B rings and gallate residues. The failure to
13lose protons and the absence of C chemical shifts, typical of proanthocyanidins
(see Tables 5.1, 5.2) ruled out the possibility of a proanthocyanidin linkage. It
was clear however from the NMR spectra (Figures 5.3 - 5.5), that peak 13 was
present as a phenol rather than a quinone, suggesting the possibility of peroxide
linkages. Such a linkage would be expected to cause a chemical shift for a proton
in the position ortho to the peroxide and probably also in the associated carbon
atoms. Since the biggest proton chemical shifts detected, assignable to 2’, 6’, 2"
and 6" were at 0.01 ppm and thus very small, it was deduced that the peroxide
linkage must be on positions 4’ and 4" (rather than 3’ 5’, 3" or 5"). This would be
consistent also with the observation that the chemical shifts induced at 2’ and 6’
were very similar, as were those at 2" and 6", whereas a linkage at 3’ would have
13had a greater effect on 2’ than 6’ and so on. The small shifts in the C spectrum 
at positions 1’, 3’, 5’, 1", 3” and 5" were again consistent with the previous 
inferences and collectively, the evidence led to the suggestion that peak 13 might 
be a "dimer" linked between 4' and 4" by peroxide linkages as shown in Figure
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Table 5.1 - NMR spectra of EGCG and the "dimer" - chemical shifts (ppm), 
300 MHz, D«0. [PA, Proanthocyanidin (chemical shifts for linkages as reported$ m
by Nonaka et al. 1983a)]
proton EGCG "dimer" Diff. PA(C4-C8) p a (c 2.-c 2.)
H-2 4.87 (s) 4.86 (d) 0.010 5.20 (s) 4.80 (s)
H-3 5.44 (s) 5.44 (s) 0.004 4.02 (m) 5.35 (m)
H-4a 2.86 (m) 2.87 (m) 0.010 4.88 (m) 2.43-3.02(m)
H-4{3 2.86 (m) 2.87 (m) 0.010
H-6 6.07 (s)-H- 6.05 (s) 0.020
H-8 6.05 (s)++ 6.05 (s) 0.005
H-2’ 6.49 (s) 6.49 (s) 0.002 6.52 (s) 6.88 (s)
H-6’ 6.49 (s) 6.49 (s) 0.002 6.54 (s)
H-2" 6.90 (s) 6.92 (s) 0.011 7.11 (s) 7.00 (s)
H-6” 6.90 (s) 6.92 (s) 0.011 7.11 (s) 7.00 (s)
s = singlet, d = doublet, m = multiplet
++ assignment uncertain, either H-6 or H-8
Table 5.2 - NMR spectra of EGCG and the ’’dimer" - chemical shifts (ppm), 
75 MHz, D2 O. [PA, Proanthocyanidin (chemical shifts for linkages as reported by 
Nonaka et al. 1983a)]
*  *
proton EGCG "dimer" Diff. p a (c 4-c 8) p a (c 2,-c 2.)
C-2 77.11 77.07 0.036 77.0 76.1
C-3 68.96 68.96 0.005 73.0 68.9
0 4 24.92 24.88 0.034 36.3 26.8
0 5 155.31 155.18 0.132
0 6 96.02 95.97 0.041 95.7 95.5
0 7 155.25 155.18 0.067
0 8 95.18 95.16 0.009 96.4 96.4
0 9 155.47 155.41 0.061
OlO 99.13 99.09 0.045
or 132.07 132.02 0.040
0 2 ’ 106.49 106.50 0.003
0 3 ’ 145.11 145.07 0.043
0 4 ’ 129.71 129.69 0.020
0 5 ’ 145.11 145.07 0.043
0 6 ’ 106.49 106.50 0.003
or 120.31 120.37 0.055
0 2 " 109.86 109.85 0.006
0 3 " 144.47 144.40 0.072
0 4 " 138.30 138.14 0.166-
0 5 " 144.47 144.40 0.070
0 6 " 109.86 109.85 0.007
O l ’” 167.04 167.00 0.048 166.2 167.0
15.6. The observation of slight splitting for the signals from the H NMR
i
spectrum of peak 13 (Figure 5.4), not seen in the H NMR spectrum of EGCG 
(Figure 5.3) also suggested a "dimer".
Whether such a product would be positive to Porter’s reagent is unknown, but 
not impossible. It is however known that the requisite phenoxy radicals (4’ and 
4") are not favoured homolytic products of phenol oxidation and that any such 
radicals and subsequent derivatives are likely to be minor products. The failure 
to release iodine from a solution of potassium iodide also casts doubt on the 
accuracy of the suggested structure as does the chemical shift induced at (0.13 
ppm), which is second only in magnitude to the shift at C .^. (0.17 ppm). 
Unfortunately, because neither the NMR or MS data are conclusive, one can 
only speculate about the precise structure of this transformation product.
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CHAPTER 6
6. GENERAL DISCUSSION
6.1 THE SEPARATION OF TR
The HPLC method developed in this investigation has resulted in a much 
improved separation of black tea liquor polyphenols than had been previously 
achieved. Such improvement has undoubtedly been the result of using 3 /im 
material in combination with optimisation of the HPLC conditions. In addition, 
the use of reverse phase HPLC has minimised both the strong affinity of TR for 
normal phase column packing and the need for extensive sample pretreatment. 
The net result has been to permit the analysis of compounds in a tea liquor in as 
naturally occurring a state as possible. This may not have been the case with 
previous attempts to analyse TR, when for example, solvent extraction 
procedures were carried out by Brown et al. (1969) or derivatisations were 
carried out by Wedzicha et alX1988) and Wedzicha and Donovan (1989). Results 
from such analyses may have been misleading since they referred to material 
that was not identical to that originally present in the liquor.
Due to the interest in the contribution made by the TR to the appearance of a 
liquor and the wish to avoid interference from the flavonol glycosides, 450 nm 
was chosen as the initial monitoring wavelength. At this wavelength over 40 
separate peaks were obtained, those remaining after identification of the four 
main theaflavins, tf, tfmg, tf’mg and tfdg, were characterised spectrally from 
diode array detection. However, due to the hardware configuration of the diode 
array detector model, peak purity information was not easily available and it is 
therefore possible that more than the 44 peaks, as labelled in the HPLC profile 
(Figure 2.9), could have been present. It should be noted that the spectral
information that has been obtained includes absorbance from the unresolved 
material which has caused the rise in baseline and cannot be considered as only 
representing the resolved peaks above the rising baseline. Though not carried out 
in this study, due to software limitations, correcting the spectra of the resolved 
peaks for underground absorption (rising baseline) would result in more precise 
information on the structure and contribution of both types of TR to tea liquor 
colour. Interestingly, Millin et al. (1969) reported that the coloured phenolic 
fraction of the non-dialysable material (assumed to be equivalent to Roberts’ SII 
TR) contributed approximately 35 % of the total absorbance at 450 nm, 
indicating that this non-dialysable fraction is important to the appearance of the 
liquor.
The role of caffeine, TF and TR in the formation of insoluble ’tea cream’ has 
been established (Roberts 1963; Smith 1968; Bee et al. 1987). In addition, it is 
possible that caffeine forms soluble complexes with TF and TR and if so, these 
may contribute to the unresolved fraction and to the rising baseline observed in 
the HPLC chromatogram of a black tea liquor. However, decaffeination of a 
liquor prior to HPLC analysis did not result in complete removal of the baseline 
rise. This suggests that much of the material below this baseline probably 
contains little caffeine and is of a molecular mass which is beyond the resolution 
capabilities of the HPLC column packing. Whether the unresolved material is 
the same as that observed to remain on top of the HPLC column packing is 
unknown at this stage, but could be the basis for other studies using alternative 
approaches such as novel wide pore packings.
During the course of this present study, modification of the HPLC method 
developed initially by Opie et al. (1990) has been carried out by other workers
(Bailey et al. 1991). In addition to reverting to 5 fim reverse phase packing, these 
workers altered the mobile phase to contain citrate instead of acetate. They 
suggested that the citrate, in acting as a chelating agent, reduced secondary 
retention caused probably by liquor polyphenol-metal interactions. The slightly 
different profile they obtained by using citrate suggests that metals may be of 
some relevance to TR structures. In addition, differences in pH may have some 
influence on the compounds being separated. However, the effect of such 
interactions and the nature of resultant resolved TR must be studied further 
before such suggestions can be validated. At present, their resulting separation of 
the black tea polyphenols can only be considered as an alternative to that 
obtained by the method used in this thesis.
The present HPLC method has also shown a potential for isolating TR material 
for subsequent structural studies. This has undoubtedly been supported by the 
pre-separation of crude TR material into fractions each containing smaller 
numbers of peaks using Sephadex LH-20. However, such potential has been 
fulfilled by extending the analytical HPLC method to semi-preparative HPLC 
and shown that the isolation of mg quantities of resolved material is possible. 
Whilst this adaptation of the analytical method was not a priority during this 
study, it’s further development might now be of interest with a view to 
modifying conditions as appropriate for the isolation of different resolvable TR. 
It should also be considered that the use of non-volatile citrate in mobile phases 
as opposed to volatile acetate may present more of a problem in such isolation 
studies when carrying out structural analytical techniques such as NMR.
6.2 IN  VITRO MODEL SYSTEM STUDIES
Previous work with in vitro model system fermentations (Robertson and Bendall 
1983) indicated the potential to study the formation and degradation of TF and 
TR, though this was undoubtedly limited by the HPLC system they used to 
separate the soluble products thereof. Having now improved the analytical 
system, it became possible to exploit more fully the potential of the model 
fermentation system.
Initial in vitro oxidation studies carried out in combination with HPLC analysis 
of the soluble products that absorb at 450 nm resulted in the separation of 
products similar to those separated from a black tea liquor and confirmed that 
such in vitro oxidations represented a suitable model for studying the chemistry 
of black tea manufacture. Nevertheless, the use of 380 nm as the detection 
wavelength for these model system analyses was considered to be superior to 450 
nm. Not only did this enable a greater number of TR peaks to be detected as a 
result of increased sensitivity, but also the simultaneous monitoring of TF. 
Interference from flavonol glycosides as in whole liquors was no longer a 
problem since they were not contained in the model system. It is not known 
however, to what extent the additional 380 nm-absorbing compounds thus 
detected would absorb at 450 nm. Whilst this was acknowledged as one small 
disadvantage in using 380 nm, it was decided that the advantages were greater, 
but the 380 nm to 450 nm relationship should not be ignored and thus form 
another area for further study.
The results from all of the model system studied as described in Chapter 4 of 
this thesis, have indicated two points of major interest, from which certain
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inferences may be made. These two points are the origin of (i) resolvable TR and- 
(ii) unresolvable TR, the latter resulting in observed baseline rises on the 
chromatograms. The results of the model system studies have shown, as depicted 
in Figure 6.1, that under the conditions employed, the unesterified simple
SC
GC -
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(with exception 
of ECG)
-> SCQ
-> GCQ
(Resolvable and 
Unresolvable TR)
TR
->TF
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by O2 tension, pH, temp.)
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TR
(Unresolvable TR)
(increases with increase in O2 tension, 
pH and temp.)
lTR
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(with exception of ECG, significantly 
affected by O2 tension, pH and temp.)
Figure 6.1 - Schematic diagram showing the production of resolvable and 
unresolvable TR from simple and gallocatechins. SC, simple catechins; GC% 
gallocatechins; SCQ, simple catechin quinones; GCQ, gallocatechin quinones; TF, 
theaflavins; TR, thearubigins.
catechins when oxidised individually, resulted in the production of a rising 
baseline, whereas when the gallocatechins or the simple catechin gallate (ECG) 
were similarly oxidised, the baseline rise was negligible. Whether this is related 
to a particular property of ECG, such as it’s redox potential, which lies between 
the the two extremes set by EGCG and C, remains to be seen, but is of interest 
for some further study. Nevertheless, the general rule of unesterified simple 
catechins producing rising baseline and gallocatechins not producing rising 
baseline may be applied.
The production of rising baseline or no rising baseline suggests that different 
pathways of oxidation are taken by the unesterified simple and gallocatechins 
and this may be related to the rate at which they are oxidised and the balance 
between a catechin and it’s quinone.
The effect of changing pH and temperature on single catechin oxidation is likely 
to be exerted through altering the rates of formation and steady state 
concentrations of the quinones. With respect to pH, the effect is likely to be 
related not only to the effect on the pH optimum for PPO activity, but possibly 
ionisation of the quinones. Gregory and Bendall (1966) showed the pH optima of 
tea PPO to be at pH 5.0 and pH 5.7 with 4-methylcatechol and pyrogallol 
respectively. Consistent with the findings of Robertson (1983a), the present model 
system studies have also indicated that pH and temperature have little effect on 
the rate at which the simple catechins oxidise, but a dramatic effect on that of 
the gallocatechins. If the pK& values for the B ring hydroxyl of the gallocatechin 
quinones are in the range pH 5.0 - 6.0, then significant ionisation may occur at 
the higher pH 6.0, that could direct and stabilise the formation of one type of 
product. Such a factor might explain at least in part, why peak 21 from the
oxidation of EGC at pH 6.0 (Figure 4.22) had been enhanced in relation to the 
other peaks produced in this model system. Alternatively, it may be that peak 21 
has not so much increased as stabilised at the expense of other peaks being 
formed which have been destabilised. Temperature changes have a similar effect 
to pH in again not only affecting PPO activity, but also through altering the 
equilibrium between ionised and unionised quinone. However, further 
quantitative studies are required before the mechanisms through which these 
effects of pH and temperature can be established. Furthermore, whilst such 
hypothetical mechanisms may have some relevance to TR production from the 
catechins, they clearly encompass considerable speculation, which cannot be 
evaluated without structural information on the TR products.
In vitro oxidations of catechin pairs and catechin-TF mixtures illustrated that 
EC is important also in producing unresolved TR when oxidised in combination 
with gallocatechins or TF as an electron carrier in the coupled oxidative 
breakdown of the respective TF. The in vitro oxidations also demonstrated the 
importance of EGCG and EGC in producing resolvable TR and in their 
combination with EC, in producing the most dramatic increases in baseline rise. 
The production of relatively little resolved and unresolved TR from (EGC + 
ECG) suggests that not only is ECG relatively unimportant to TR production 
when oxidised alone, but that when in combination with EGC, it diminishes, 
relative to EC, the yield of resolvable TR from EGC. In addition, the relatively 
little rise in baseline observed from this catechin pair may to some extent be due 
to the particular resistance of tf’mg so formed to further oxidation. The 
apparent peculiarity of ECG in both single and paired oxidations is interesting 
and is further discussed below.
Without extending the in vitro oxidation studies to in vivo black tea 
manufacture, it is not possible to relate these two different conditions of 
fermentation precisely. However, it is important to realise that for the model 
system fermentations reported in this thesis equal weights of catechins were used 
in both paired and catechin mix oxidations and not equal molar concentrations. 
Oxidative degradation of TF by the simple catechins may have been enhanced 
because of the unequal initial molar concentrations of the simple and 
gallocatechins respectively. Some assessment of the significance of the molar 
ratio with respect to coupled oxidative TF breakdown and subsequent baseline 
rise, may be obtained from plotting the relative change in area under the rising 
baseline against the molar ratios for the four catechin pair oxidations. Figure 6.2 
shows such a plot for the in vitro oxidation of the catechin pairs under (i) air, 
pH 5.6 and 30 °C, compared with (ii) coupled oxidation of TF with EC, (iii) 
increased oxygen tension, (iv) increased pH (pH 6.0) and (v) increased 
temperature (40 °C), as described in Chapter 4. The plot suggests that in general, 
when the molar ratio of gallocatechin to simple catechin increases, the relative 
amount of baseline rise is reduced. When the ratio is less than 1, there is an 
excess of the simple catechin, but when it is greater than 1, there is a deficit of 
the simple catechin. Excess simple catechin would facilitate coupled oxidative 
breakdown of TF. Whilst this relationship cannot be taken as proven without 
further investigations, it does imply that the ratio of simple to gallocatechins is 
important to the production of unresolvable TR and that this could also be 
significant during in vivo fermentation.
The plot also suggests that increased oxygen tension, elevated temperature and 
elevated pH all increase the conversion of TF to unresolvable TR. However the 
magnitude of these effects does depend on the particular model system. In view
of previous discussion, it is of interest that the (EGC + ECG) model system is the 
only one in which the molar ratio is greater than 1 and thus most likely to 
discourage coupled oxidation of TF. This may explain some of the observations 
made regarding this catechin pair, particularly in relation to pH. The excess of 
the gallocatechin (EGC) may have influenced the oxidation pathway as it was 
observed to be greatly affected by increased pH when oxidised alone (Figure 
4.22). The study of these model system fermentations when carried out with 
equal molar concentrations of catechins would be interesting and should give 
further insight to the effect of molar ratios on the formation and degradation of 
TF and TR.
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Figure 6.2 - Graph showing the relationship between molar ratio of gallocatechin 
to simple catechin for catechin pair oxidations under varying conditions and 
relative amount of unresolvable TR produced ( 223 , air, pH 5.6, 30 °C; £§§3 , 
coupled oxidation of TF with EC, where EC is in gross excess; Eg83 , increased 
oxygen tension; fcfcfcH , pH 6.0; [Z22 , 40 °C).
The electron carrying capacity of the simple catechin EC, in coupled oxidative 
breakdown of TF was clearly shown and this raises some interesting points:
The coupled oxidative reactions leading to TF breakdown are observed as 
resulting in unresolved TR. These unresolved TR might contribute to the 
’thickness’ note observed in tea liquors when allowed to stand for a period after 
preparation (Millin et a l  1969). It is probable that production of unresolvable 
TR takes place not only during fermentation, but can continue even after firing 
and storage of the final black tea product. Residual amounts of the simple 
catechins are present in black teas (Ding et a l  1992; Kuhr et al. 1991; Cloughley 
1980) and have been observed to decrease with decreasing TF during storage. 
Increases in moisture during storage, which has been linked to some reactivation 
of PPO activity, could also be important. A role for peroxidase in storage 
deterioration of black leaf quality has also been suggested (Cloughley 1980), since 
the enzyme possesses phloroglucinol oxidase activity. Black tea manufactured 
from green leaf other than that of the first two leaves and a bud is generally of 
lower quality and is likely to result not only because the total polyphenol 
concentration declines with leaf age, but so too do the ratios of the individual 
catechins (Forrest and Bendall 1969; Wickremasinghe and Perera 1973). Increased 
amounts of simple catechins to gallocatechins with increase in leaf age would 
enhance the potential for such coupled oxidative breakdown during and after 
black tea manufacture. Of further interest is the suggestion that green teas 
considered suitable for oolong tea production have lower levels and different 
ratios of catechins compared with those selected for black tea manufacture 
(Takeo and Imamura 1984). The consequence of this might be to restrict TF 
formation but permit TR formation resulting in the more yellow appearance of 
oolong liquors.
6.3 STRUCTURE ELUCIDATION
The attempts to achieve some structural information on peaks 10 and 19 isolated 
from a black tea were unfortunately unsuccessful (see Chapter 5). It is probable 
however, that this demonstrates not the unsuitabilty of the isolation procedure, 
but the difficulties that need to be overcome in using FAB-MS or LC-MS for 
analysis of such complex polyphenols.
NMR and MS studies on peak 13 isolated from an EGCG ferment were more 
successful but still did not result in any unequivocal structural proposal. 
However, the structural data obtained for this compound (see Chapter 5) 
together with information regarding it’s production from several in vitro 
oxidations are of interest. Figure 6.3 is a schematic representation of some 
possible directions from which peak 13 may arise.
Figure 6.3 - Schematic representation of the possible routes from which peak 13 
may arise. EGQCG, epigallocatechin quinone gallate; EGCGQ, epigallocatechin 
gallate quinone; EGQCGQ, epigallocatechin quinone gallate quinone.
TFMG[- peak 13] (not affected by
(>2 tension, pH, temp.)
EGCG — —»— EGCGQ— ; peak 13 (affected by 
n. 7 * pH and temp.)
■> TFDG[+ peak 13] (affected by high 
pH and high temp.)
The fact that peak 13 is not produced when (EGCG + EC) are oxidised suggests 
that whatever quinones of EGCG are involved in producing peak 13, they are 
redirected when in the presence of ECQ. In contrast, the production of peak 13 
also from (EGCG + ECG) could suggest that quinones of EGCG are not 
completely redirected by the simple catechin gallate and thus still available for 
production of peak 13. If this were the situation, it appears that it is only so at 
higher pH and temperature and this may be related again to the effect of these 
parameters on the ratios of the quinones and the ionisation of the gallo-gallate 
quinones (EGQCGQ) and gallate quinones (EGCGQ), if these do indeed exist. In 
Chapter 4 it was reported that peak 13 also appears from in vitro oxidation of 
(EGC + EC). However, it is unlikely that such precursors would yield a "dimer" 
exhibiting the MS and NMR spectral characteristics which have been recorded in 
Chapter 5. It is probable therefore that the product (peak 13) from the (EGC + 
EC) model system is of similar retention time but different structure. Moreover, 
without definitive structural information on this or any other TR compound, 
such suggestions are highly speculative. Nevertheless, in future structural 
investigations of this type, where supporting data are available, such schemes 
though possibly an oversimplification may serve as one model for attempting to 
unravel the undoubtedly complex chemistry of the TR.
6.4 SUGGESTIONS FOR FURTHER WORK
1 - To isolate selected TR peaks for structural analysis by such techniques as MS 
and NMR. The potential application of LC-MS to both tea liquor and model 
system TR compounds must also be investigated.
2 - To study the role of catechins and coupled oxidations in the conversion of TF
- 243 -
to TR.
3 - To investigate the effect of other components such as caffeine, gallic acid, 
theogallin. The effect of peroxidase should also be investigated.
4 - To develop analytical procedures for fractionation of the unresolved TR.
5 - To compare in vitro oxidation with in vivo black tea manufacture.
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APPENDIX 1 
HPLC COLUMN PREPARATION
Columns obtained from Shandon were packed by a high pressure ascending 
slurry packing technique using a Shandon column packer. A 5.5 % w/v slurry of 
Hypersil 3 pm  ODS packing material in Me2 CO was driven into blank tubes (10 x 
0.46 cm) at pressures of 8000-8500 psi.
After packing was completed, the analytical columns were connected to a solvent
pumping system (Pye Unicam PU 4015), equipped with a Rheodyne 7125 injection
valve. Columns were initially equilibrated with 70 % aqueous MeOH at a flow 
. -1 . .rate of 1 ml mm and the efficiency determined using a standard ODS test 
mixture containing benzamide, benzophenone and biphenyl. Columns having a 
theoretical plate number of approximately 150,000 were used for analysis and 
repacked when there was a loss in resolution of peaks 43 and 44, (tf’mg and tfdg 
respectively) from an HPLC trace of a whole black tea liquor. The splitting of 
these two TF’s served as a useful indicator of column efficiency.
APPENDIX 2
PREPARATION OF CRUDE CATECHINS
The leaf and bud from freshly plucked green tea shoots ("two and a bud") were 
separated from the leaf stem and the stem discarded. 200 g material was blended 
for 10 min at room temperature with 600 ml 96 % aqueous ethanol containing 50 
mg potassium metabisulphite. The macerate was filtered on a Whatman No. 1 
filter under vacuum and the residue re-extracted as above. The two filtrates 
were combined and concentrated by rotary evaporation at 40 °C to 
approximately 30 % of the original volume.
To the concentrated extract was added 200 ml chloroform and 2 g sodium 
chloride and the mixture allowed to separate. The upper brown aqueous phase 
was kept and the green chloroform layer re-extracted with 100 ml K^O. The 
aqueous extracts were combined and re-extracted with a further 200 ml of 
chloroform to remove residual chlorophyll.
The resultant brown aqueous extract was extracted with 3 x 200 ml ethyl 
acetate, the ethyl acetate fractions combined, the aqueous layers discarded. 
Excess water was removed from the crude catechins with anhydrous sodium 
sulphate, before concentrating to dryness by rotary evaporation, keeping the 
temperature below 40 °C. The catechin mixture was held in a vacuum desiccator 
containing silica gel to produce a fine dry powder.
- 2 5 7 -
PURIFICATION OF CRUDE CATECHINS
Separation and further purification of the individual catechins was carried out 
by column chromatography on Sephadex LH-20, as described by Robertson and 
Bendall (1983).
All the catechins were chromatographically pure as determined by reverse phase 
HPLC, using a mobile phase, HCONN^iMeOHiHOAcr^O (18:1:0.5:81) at 1 ml 
min and the eluate monitored at 280 nm, 0.05 a.u.f.s. (Hoefler and Coggon 
1976).
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APPENDIX 3 
PREPARATION OF PPO (EC 1.14.18.1)
Freshly plucked, green tea shoots (250 g in 50 g batches), withered at ambient 
temperature for 12 hours, were macerated for 5 min in a Waring blender 
previously cooled to -20 °C, containing 1200 ml buffer consisting of Na2 HPO^ 
(0.05M), Na2S20^ (0.01M), BSA (0.5 mg/ml), Tween 80 (5 %) and NaCl (1 M), pH 
7.0. PVP (10 % w/v) was added prior to blending. The macerates were combined 
and squeezed through four layers of muslin into a measuring cylinder and 
excessive foaming prevented by the addition of a little octan-2-ol. Acetone (-20 
°C), was added slowly with stirring to the filtrate to a final concentration of 70 
% (v/v). Stirring was continued for 10 min and the precipitate allowed to settle 
under gravity. The supernatant was decanted and the precipitate filtered under 
vacuum on two Whatman no. 1 filter papers. The residue was removed from the 
filter pad and homogenised with 250 ml cold acetone (-20 °C) in a blender at low 
speed for 3 min. The suspension was then re-filtered under vacuum, washed with 
a further 250 ml acetone and dried. The powder was held in a vacuum desiccator 
containing silica gel at -20 °C.
10 g green leaf acetone powder was added to 100 ml 0.01 M  citrate-0.02 M 
phosphate buffer, pH 5.6. This was blended for 3 min at 4 °C (head of blender 
kept in deep freeze overnight) and the resultant suspension centrifuged at 21,000 
g for 10 min. The pellet was discarded, the pH of the supernatant adjusted to pH 
5.6 with concentrated HC1 and the precipitate removed by centrifugation at 
21,000 g for 10 min. The clear supernatant was pumped through a DEAE-DE52 
(Whatman) cellulose ion exchange column (i.d. = 2.8 cm,l = 8 cm), previously
equilibrated with citrate-phosphate buffer to pH 5.6. To the eluant was added ice
cold acetone (-20 °C) to a final concentration of 65 % (v/v) and the precipitate
allowed to settle under gravity. The precipitate was removed by centrifugation
at 29,000g for 20 min and the pellet redissolved in a minimum amount of
distilled water and freeze-dried overnight. For the model system, amounts of
freeze-dried PPO were dissolved in citrate-phosphate buffer pH 5.6 to obtain an
. -1activity of approximately 200 units ml measured from the uptake of C> 2  during 
the oxidation of pyrogallol to purpurogallin (Gregory and Bendall 1966). One 
unit of activity is defined as that required to produce an 0 9 uptake of 1 pmol
■ n in -W l
APPENDIX 4
ISOELECTRIC-FOCUSING (I.E.F.) OF BLACK TEA POLYPHENOLS
Flat-bed analytical I.E.F. was carried out by LKB methodology using ampholine 
polyacrylamide gel plates pH 3.5-pH 9.5 and by Polysciences Ltd. methodology 
using Poly/Sep 47™’ pH 3-pH 10. Sample wicks were prepared as follows:-
Using the infusion as prepared for HPLC analysis, 10ml volumes were passed 
through 3 x 1 ml Sep-pak cartridges (Millipore). After passing 10 ml infusion 
through the cartridge, 10 ml distilled water was passed through to wash the now 
concentrated band of tea on the packing. The required fraction was taken off the 
packing using methanol, resulting in a very dark tea concentrate. Several 
methanol eluants were combined and taken down to dryness, then taken up 
again in a minimum amount of distilled water. The aqueous concentrate was 
applied to the sample units, each wick taking up about 10-15 pi of material.
APPENDIX 5
DETECTION OF ANTHOCYANIDINS BY PORTERS REAGENT (PORTER ET  
AL  1986)
Hydrolysis of tea material (clarified supernatants from model systems used for 
HPLC analysis) was carried out as follows: using 10 ml thick-walled, screw-top, 
glass tubes; to 1 ml of tea material was added 6 ml of BuOH - concentrated HC1 
(95.5 v/v) and 0.2 ml of a solution of NH^ Fe ( S O ^ .^ ^ O  in 2M HC1 (2 % w/v). 
The solutions were capped, thoroughly mixed using a vortex and held in a 
glycerol bath run at 95 ° C ± 0.2 °C for 40 min. The solutions were cooled and 
the visible spectrum recorded between 520 and 580 nm in a 1 cm path-length 
glass cuvette, using a Pye Unicam PU8800 UV/visible spectrophotometer. 
Maximum absorbance at 550 nm indicates the presence of anthocyanidins and 
their production from hydrolysis of the proanthocyanidins (i.e. condensed 
tannins) present in the original tea material.
APPENDIX 6
ANALYSIS OF ISOLATED BLACK TEA TR PIGMENTS (PEAKS 10 AND 19) 
BY FAST ATOM BOMBARDMENT MASS SPECTROSCOPY (FAB-MS) AND 
THERMOSPRAY LC-MS
(i) Fast Atom Bombardment Mass Spectroscopy (FAB-MS)
The TR peaks (10) and (19) isolated from a black tea liquor (Chapter 2, 2.4.3) 
were subjected to positive and negative FAB-MS using a Kratos MS9/50TC mass 
spectrometer (Kratos Analytical, Manchester, U.K.). Samples were mixed in a 
small quantity of glycerol on the copper tip of a FAB direct insertion probe, 
which was then inserted into the FAB source of the mass spectrometer via a 
vacuum insertion lock. The samples were then bombarded with a neutral beam 
of Xenon atoms (6-9 kV) generated by a saddle-field gun (Ion Tech, Manchester, 
U.K.). Spectra were scanned at 30-100 s/decade on UV sensitive oscillographic 
chart paper. The mass spectrometer resolution was set to approximately 1000.
(ii) Thermospray LC-MS
Peaks 10 and 19 were analysed by LC-MS using a Kratos MS80RFA mass 
spectrometer fitted with a Kratos/Vestec thermospray ion source (Kratos 
Analytical, Manchester, U.K.). With an ion source temperature of 230 °C and 
probe temperature of 250 °C, spectra were scanned from 18-800 daltons at a scan 
speed of 3 s/decade (interscan time 0.5 s). Ionization was induced by a discharge 
electrode held at a potential of 1200 V, the samples run in a mobile phase of 20
_i
% aqueous acetomtrile at a flow rate of 1 ml mm .
APPENDIX 7
ANALYSIS OF PEAK 13 FROM IN  VITRO OXIDATION OF EGCG BY 
MS-ELECTROSPRAY AND NMR
i) MS-Electrospray
MS spectra for the "dimer" only (peak 13) was obtained using the VG Quattro 
Triple Quadrupole Mass Spectrometer (VG Biotech, Altrincham, U.K.) coupled 
with an Electrospray ion source operated in (-ve) mode at a cone voltage of 60 
eV.
ii) NMR
^H and NMR spectra of both EGCG and the "dimer’ (peak 13) were carried
out in D2 O using a Bruker AC300E 300 MHz instrument incorporating a 7.05
1
Tesla superconducting magnet. The H NMR spectra was obtained using a 5 mm
13probe at 300 MHz and the C NMR spectra using a 10 mm broad band 
decoupling probe at 75 MHz.
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A B S T R A C T
A reverse phase, gradient elution H P LC  method has been developed to 
separate black tea thearubigin compounds. Using diode array spectroscopy, 
spectral data are provided fo r  the major pigment peaks. The analytical 
method has been used to monitor the formation o f  the thearubigin compounds 
during black tea fermentation. In-vitro model fermentation systems using 
partially purified tea polyphenol oxidase and mixtures o f  six pure catechins 
have also been analysed. Data are presented to relate many o f  the 
thearubigins in black tea liquors to their catechin precursors. Manipulation 
o f  the in-vitro model system conditions yjUI be used to prepare various 
thearubigins for further structural studies.
K ey words: Camellia sinensis, Theaceae, tea, H PLC , model fermentation 
system, catechins, thearubigins, in-vitro oxidation, polyphenol oxidase.
INTRODUCTION
The maceration of green tea shoots during black tea manufacture results in the 
enzymic oxidation of catechins and their subsequent conversion to  theaflavin (TF) 
and thearubigin (TR) com pounds (Roberts 1958; Roberts and Myers 1959). 
Together these represent up to  30%  of the dry weight of black tea, and their colour 
and astringency are m ajor factors affecting the brightness, depth of colour, 
mouthfeel and overall quality of plain black teas (Hilton and Ellis 1972).
• Present address: Department of Biochemistry, University of Surrey, Guildford GU2 5XH, UK.
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Early studies separated the T F  and TR fractions by partitioning aqueous black 
tea liquors* into ethyl acetate (Bradfield and Penney 1944). The TF-rich organic 
phase is bright orange-red in colour, and though representing only 1-5%  of total 
black tea solids has a major impact on the colour and hence quality of black teas 
(Hilton and Ellis 1972). The majority of tea chemistry research to date has therefore 
concentrated on the theaflavins, their structures and chemistry of formation during 
fermentation now being well understood (Collier et al 1972). In addition, practical 
ways in which the levels of such com pounds can be increased in black tea by plant 
breeding (Hilton and Palmer-Jones 1973) or by manipulation of the manufacturing 
process (Robertson I983a,b) have also been reported. Theaflavins are 
benztropolones (3:4-benztropolones) formed by the oxidative condensation of two 
catechins one of which has a dihydroxy B ring whereas the other has a trihydroxy B 
ring (Bradfield and Penney 1944).
The TRs, defined according to their ability to partition into the aqueous phase of 
an ethyl acetate/water mixture, were also thought to be a homogeneous group of 
low molecular weight com pounds (Bradfield and Penney 1944). However, the 
heterogeneity of the TRs soon became apparent, and this, combined with their 
suspected instability, has restricted progress towards understanding their 
contribution to  black tea quality. In general terms, teas with high T R :T F  ratios are 
dull in colour and ‘soft* on the palate whereas those with low T R :T F  levels, 
although bright and pungent, lack depth of colour and ‘body’ (Roberts and Smith 
1961). At approximately 20% of the total black tea solids, these coloured 
compounds are clearly im portant to  the sensory characteristics of black tea. 
However, before the role of the individual TRs can be ascertained with a view to 
increasing and/or preserving the level of those of major importance, their separation 
and chemical characterisation are prerequisite steps in research.
The separation of the thearubigins was first attem pted by Roberts et al (1957) 
using paper chromatography. Although many com pounds remained unresolved, 
the thearubigins were classified into two groups, SI and SII, according to their 
mobility. The SII components were almost stationary and reported to consist of 
large molecular weight, non-dialysable materia] which has since been separated into 
at least three pigmented bands when chrom atographed on Sephadex LH-20 (Millin 
et al 1969). Analysis of black tea liquors has more recently been carried out by 
H PLC (Hoeffler and Coggon 1976) and, in combination with in-vitro model 
fermentation systems (Robertson and Bendall 1983), has dem onstrated the 
formation of TR com pounds from enzymically oxidised catechin mixtures. Such 
work has indicated that the thearubigins can be formed by the oxidation of single 
and paired catechins, by the further oxidation of theaflavin intermediates and by the 
oxidative degradation of the theaflavins themselves (Robertson 1983a).
The present research sets out to  separate and profile the pigmented com pounds of 
black tea with a long-term view to understanding their formation and contribution 
to  the quality of the beverage. This paper reports an H PLC  method which has been 
used to  separate 44 major pigmented com pounds from black tea liquors. Together, 
a model fermentation system and the chrom atographic method provide a suitable
* In this paper tea liquor is defined as the product of aqueous infusion of black tea leaf. Infusion is defined 
as the process of extracting solids from black tea leaf in water.
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combination for studying the formation of many of the thearubigins and a potential 
method for the large-scale preparation of such com pounds for subsequent 
structural characterisation.
METHODS AND MATERIALS 
Preparation of crude catechins
The leaf and bud from freshly plucked green tea shoots (‘two and a  bud ') were 
separated from the leaf stem and the stem was discarded. This material (200 g) was 
then blended for 10 min at room temperature with 600 ml 960 ml litre-1 ethanol 
containing 50 mg potassium metabisulphite. The macerate was filtered on 
W hatman No 1 paper under vacuum and the residue was re-extracted as above. The 
two filtrates were combined and concentrated by rotary evaporation a t 40°C to 
approximately 30% of the original volume.
To the concentrated extract was added 200 ml chloroform and 2 g  sodium 
chloride, and the mixture was shaken and allowed to  settle. The green chloroform 
layer was separated and counterextracted with 100 ml H 20 .  The two aqueous 
extracts were combined and re-extracted with a further 200 ml of chloroform to 
remove residual chlorophyll. The brown aqueous phase was then extracted with 
3 x 200 ml ethyl acetate and the ethyl acetate phases were combined; the aqueous 
phases were discarded. Excess water was removed from the crude catechin extracted 
with anhydrous sodium sulphate before concentrating to  dryness by rotary 
evaporation, keeping the temperature below 40°C. The catechin mixture was held in 
a vacuum desiccator containing silica gel to  produce a fine dry powder.
Purification of crude catechins
Separation and further purification of the individual catechins was carried out by 
column chrom atography on Sephadex LH-20 as described by Robertson and 
Bendall (1983).
All the catechins were chromatographically pure as determined by reverse phase 
HPLC, using, as mobile phase, H C 0 N M e2:M e 0 H :H 0 A c :H 20  (18:1:05:81) at 
1 ml m in-1 , and the eluate was monitored a t 28 0 nm, 005  absorption units, full 
scale (HoefTler and Coggon 1976).
Preparation of polyphenol oxidase (PPO) (EC 1.14.18.1)
Freshly plucked, green tea shoots (250 g in 50-g batches), withered at am bient 
tem perature for 12 h, were macerated for 5 min in a W aring blender (the vessel 
previously cooled to  — 20°C) containing 1200 ml buffer consisting of N a2H P 0 4 
(005 m ), N a2S2O s (O01 m ) , BSA (05 mg m l-1 ), Tween 80 (50 ml litre-1 ) and NaCl 
(1 m ) , pH 7-0. Polyvinyl pyrrolidone (100g litre-1 ) was added prior to  blending. 
The macerates were combined and squeezed through four layers of muslin into a 
measuring cylinder and excessive foaming was prevented by the addition of a  little 
octan-2-ol. Acetone (—20°C) was added slowly with stirring to the filtrate to a final 
concentration of 700 ml litre-1 . Stirring was continued for 10 min and the 
precipitate was allowed to  settle under gravity. The supernate was decanted and the
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precipitate was filtered under vacuum on two W hatman N o 1 filter papers. The 
residue was homogenised with 250 ml cold acetone ( —20°C) in a blender a t low 
speed for 3 min. The suspension was then refiltered under vacuum, washed with a 
further 250 ml acetone and dried. The powder was held in a vacuum desiccator 
containing silica gel a t — 20°C.
Green leaf acetone powder (10 g) was added to  100 ml 0-01 m citrate-0-02 m 
phosphate buffer, pH 5-6. This was blended for 3 min at 4°C (blender vessel kept in 
deep freeze overnight) and the resultant suspension was centrifuged at 21 000 x g for 
10 min. The pellet was discarded, the pH of the supernate was adjusted to  pH 5-6 
with concentrated HC1, and the precipitate was removed by centrifugation at 
21 000 x g for 10 min. The clear supernate was pumped through a DEAE-DE52 
(W hatman) cellulose ion exchange column (id =  2-8 cm, length =  8 cm), previously 
equilibrated with citrate-phosphate buffer to  pH 5-6. To the column effluent was 
added ice-cold acetone ( —20°C) to  a final concentration of 650m l litre- 1 and the 
precipitate was allowed to  settle under gravity. The precipitate was removed by 
centrifugation at 29 0 0 0 x g  for 20 min and the pellet was redissolved in the 
minimum am ount of distilled water and freeze dried overnight. F or the model 
system, am ounts of freeze-dried PPO  were dissolved in citrate-phosphate buffer, 
pH 5-6, to  obtain an activity of approximately 200 units m l-1 measured from the 
uptake of 0 2 during the oxidation of pyrogallol to  purpurogallin (Gregory and 
Bendall 1966). One unit of activity is defined as that required to  produce an 0 2 
uptake of 1 pmo\ m in-1 m l-1 .
Model fermentation system
The model fermentation system was constructed from an oxygen electrode (Rank 
Bros, Cambridge) as reported by Robertson and Bendall (1983) (Fig 1). The 
electrode was modified by the manufacturers to contain a 2-ml total volume glass 
reaction chamber. Such a system allows rapid tem perature equilibration of the 
reactants, efficient gaseous exchange and continuous m onitoring of oxygen tension 
throughout fermentation.
All model fermentations were carried out under the experimental conditions as 
described by Robertson and Bendall (1983), except that the gas flow rate was 
reduced to  0-5 litre h -1 . Model fermentations carried out using a catechin mixture 
contained: epigallocatechin gallate, 75 mM; epigallocatechin, 46 mM; epicatechin 
gallate, 19 mM; epicatechin, 10 mM; gallocatechin, 6 mM; and catechin, 3 mM. These 
concentrations were based on the average green leaf catechin composition of 12 
Malawi clonal teas measured on six occasions distributed evenly throughout the 
year and adjusted to represent concentrations after 70%  wither. Catechins used in 
the model system singly and in pairs were all a t a concentration of 10mg m l-1 .
HPLC analysis of black tea liquors
Sample preparation
Tea samples were soaked in two changes of chloroform for over 12 h each to  remove 
caffeine and chlorophyll pigments. The solvent was removed from the leaf by 
filtration under vacuum and the leaf was air dried. Chloroform-extracted leaf (18 g) 
was infused in a thermos flask with 375 ml boiling distilled water. The flask was
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Fig I. Schematic diagram of apparatus used for in-vitro model tea fermentations.
rotated periodically during the 10-min infusion and the leaf was removed from the 
liquor by decanting through glass wool. On cooling to approximately 70°C, the 
liquor was extracted twice with an equal volume of chloroform to remove any 
remaining caffeine. (Extraction (in a fume cupboard) is carried out at this 
tem perature to  avoid excessive complex formation, thereby maximising the removal 
of caffeine.) The aqueous phase was removed and centrifuged at 15 000 x g  for 5 min 
and the clarified supernate was injected directly into the HPLC.
Column preparation
Columns obtained from Shandon were packed by a high pressure ascending slurry 
packing technique using a Shandon column packer. A 55 g l i t r e '1 slurry of Hypersil 
3-/im ODS packing material in acetone was driven into blank tubes (10 x 0-46 cm) 
at a pressure of 5-5 x 107 Pa.
After packing was completed, the analytical columns were connected to a solvent 
pumping system (Pye Unicam PU 4015), equipped with a Rheodyne 7125 injection 
valve. Columns were initially equilibrated with 700 ml l i t r e '1 MeOH at a flow rate 
of 1 ml min " 1 and the efficiency was determined using a standard O DS test mixture 
containing benzamide, benzophenone and biphenyl. Columns having a theoretical 
plate number of approximately 150 000 were used for analysis and repacked when 
there was a loss in resolution of peaks 43 and 44 (TF-3'-monogallate and TF-3,3'- 
digallate, respectively) from an H PLC  trace of a  whole black tea liquor. The
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splitting or these two theaflavins served as a useful indicator o f column efficiency. 
Chrom atographic conditions for H PLC  analysis of tea liquors and model systems 
were as follows:
Injection volume 
Mobile phase
G radient
Flow rate
Wavelength sensitivity
Integration
Diode array spectroscopy 
Diode array spectroscopy was performed using a Pye Unicam PU4021 diode array 
detector coupled to a Pye Unicam PU 4850data station. With this system, spectral 
scans, covering the UV and visible regions, had to be carried out in two separate 
runs, ie between 190-390 nm and 390-590 nm. To provide the spectral resolution 
necessary for an H PLC  profile of such complexity, data were collected at a 
maximum scan speed of 1 sc an s-1 . Under these conditions, no more than 5-5 min of 
data, for either UV or the visible region, could be collected on one occasion and 
hence a complete profile of one black tea was the composite of 14 individual 
injections.
RESULTS AND DISCUSSION
Techniques used previously to separate the thearubigins from black tea liquors have 
been of relatively little use for the subsequent determination of structural 
characteristics of the compounds. Generally, the lengthy sample preparation 
required for conventional column chrom atography, or paper chrom atography, and 
the poor chrom atographic resolutions achieved, make such methods inappropriate 
if good separations of the complex thearubigin fraction are to  be achieved.
The use of reverse phase H PLC  for the separation of the black tea theaflavins 
(HoefTler and Coggon 1976; Wellum and Kirkby 1981; Robertson and Bendall 
1983) and partial separation of the thearubigins (Robertson and Bendall 1983) has 
been successfully demonstrated.
Figure 2 shows the H PLC separation of black tea pigments by reverse phase 
chrom atography using 3-pm particle Hypersil ODS (C l8) stationary phase. The 3- 
pm  spherical packing provided much improved chrom atographic resolution over 
the equivalent 5-pm  particle packing, and hence short columns (10 cm) were used to 
achieve more rapid separations. Columns were packed in house, and the use of 
acetone as the packing medium resulted in considerably lower operating back 
pressures than propan-2-oI as recommended by the manufacturers of the stationary 
phase.
100 pi (tea liquor), 20 pi (model system)
Solvent A 5 ml litre-1 acetic acid 
Solvent B 300 ml litre-1 acetonitrile 
5 ml litre-1 acetic acid 
100% solvent A to  100% solvent B over a concave 
gradient of 45 min (exponential mix factor 0-7)
1 ml m in-1 
450 nm
0-16 absorption units, full scale
Trivector system (Pye Unicam PU 4850)
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Fig Z HPLC analysis of whole black lea liquor (peak notation according to Table I).
The profile shown in Fig 2 was achieved using an acelonitrile gradient containing 
acetic acid to  suppress ionisation of the phenolic com pounds. Mobile phases using 
tetrahydrofuran and methanol were also used but neither provided optim al 
resolution across the entire profile. Acetone-based mobile phases provided the best 
separation but were unsuitable for the UV detection applied in subsequent stages of 
the work.
Although sample preparation was relatively rapid, removal of caffeine was an 
im portant prerequisite for stable liquors and good chrom atographic behaviour. 
Caffeine extraction using chloroform was therefore carried out at two stages during 
sample preparation, before and after infusion. The involvement of caffeine in tea 
‘cream ’formation is now well established (Roberts 1963;Smith 1968). It is generally 
believed that the cream is formed during infusion but is only visible on cooling 
below 60 C, when the polyphenol/caffeine complexes become insoluble. 
Chloroform extraction of caffeine applied to the dry black tea leaf is therefore 
fundamental in reducing cream formation during infusion and has the additional 
benefit of also removing the chlorophylls, chlorophyll breakdown pigments and 
carotenoids.
The second chloroform extraction was performed after infusion on the hot liquor 
(70X ) and removed any remaining caffeine extracted into the boiling water with the 
polyphenols. Extraction of cold liquor generally produced an emulsion which, after 
breaking by centrifugation, often resulted in a less stable liquor that became cloudy 
on standing. Chloroform extraction of the dry leaf followed by hot liquor extraction 
produced a stable, clear solution which could be stored at 4°C for several hours 
without further cloud formation or significant changes in the H PLC  profile. 
M oreover, H PL C  columns could be used for several weeks without the need for 
guard columns and without any significant deterioration in performance. Column 
performance was considered acceptable when good separation, although not 
necessarily baseline separation, was achieved between peaks 43 and 44. Traditional 
column efficiency measurements using standard solutions were meaningless for this 
application.
Recovery of the pigmented com ponents from the H PLC  column, assessed by
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integrating the entire spectra of an injection before and after H PLC , was estimated 
to  be over 95 %. The very low non-reversible binding of the black tea polyphenols to 
the packing was confirmed on removal of the stationary phase from a column after 
several weeks of extensive use. Extraction of the cafTeine and hence avoidance of 
polyphenol complexation are thought to  be a m ajor reason for the low losses of 
black tea com ponents during reverse phase H PLC.
Using the H PLC  method outlined, 44 m ajor peaks were resolved. Peaks 39,42, 
43 and 44 were identified, using standards prepared by in-vitro oxidation of 
catechin pairs (Robertson and Bendall 1983), as theaflavin, theaflavin-3- 
monogallate, theaflavin-3'-monogallate and theaflavin-3,3'-digalIate, respectively. 
M inor related com pounds such as theaflavic acid, neotheaflavin and the epimers of 
the m ajor theaflavins may also be present but in the absence of standards this 
remains unconfirmed. However, similarities in their structures, and hence 
polarities, to those of the major theaflavins would suggest similar chrom atographic 
behaviour resulting in retention times at the less polar end of the profile.
Diode array spectroscopy (Fig 3; Table 1) provides further information on the 
pigmented compounds, confirming that the theaflavins have absorption maxima in 
the visible region of the spectrum at approximately 458 nm. Peaks eluting in the 
area of the profile close to  the m ajor theaflavins have substantially different 
absorption characteristics (Table 1) and are therefore unlikely to  be related to  the 
T F  class of com pounds. Peaks eluting earlier than peak 39, by current definitions, 
therefore appear to belong to  the more polar TR class of com pounds, and their 
heterogeneity is perhaps indicated by the wide range of polarity observed here.
With the exception of the theaflavins and peaks 6, 7, 17, 23 and 35-38, all the 
compounds on the trace show absorption maxima between 390 and 410 nm, ie in 
the yellow-pale orange area. Peaks 35 and 36 have particularly high absorption 
maxima at approximately 560 nm, and are interesting from the point of view of tea 
quality. These compounds could have anthocyanin-type structures (Cattell and 
Nursten 1976) producing a pink/purplish hue in the tea liquors, particularly 
noticeable in the presence of milk. It is im portant to  note that the profile shown in 
Fig 2 is from the Malawi tea clone, SFS 204, which is often observed to have such a 
hue.
The use of diode array spectroscopy coupled with H PL C  has therefore provided 
new information on the spectral characteristics of the TR com pounds in black 
tea. Although, for convenience, the chrom atogram s in this paper are single 
wavelength (450 nm) profiles, the peak sizes of the eluting com pounds bear no 
relation to their contribution to tea colour without the complementary information 
on absorption maxima provided in this study. The spectral data suggest that the 
majority of the TR compounds are yellow/brown in colour and perhaps have little 
effect on the visual colour of teas which also have high T F  contents. However, in 
teas containing less theaflavin, these com pounds may be collectively responsible for 
the dull brown appearance of the liquors which is noticeable particularly in the 
presence of milk. Peaks 6 ,17 ,23  and 37 appear to have maxima similar to  those of 
the theaflavins and may be im portant in teas where all the brightness is not 
explained by the T F  content alone (Hilton and Ellis 1972; Robertson and Jewell 
1986).
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TABLE I
Peak number, retention time and /I™, (visible) of each peak from HPLC 
analysis of whole black tea liquor
Peak no from single 
wavelength scan (450 nm)
Retention time 
(s)
^■e* (visible)
1 88 390
2 120 390
3 205 390
4 338 393
5 350 405
6 444 487
7 468 505
8 492 390
9 536 394
10 573 390
11 597 390
12 619 390
13 663 390
14 676 394
15 685 390
16 698 390
17 887 471
18 915 408
19 1044 390
20 1064 390
21 1093 416
22 1113 390
23 1151 478
24 1164 390
25 1201 390
26 1229 390
27 1237 390
28 1267 390
29 1345 410
30 1433 390
31 1483 390
32 1505 397
33 1523 411
34 1662 411
35 1809 560
36 1927 560
37 1979 495
38 2009 507
39 2084 466 TF
40 2034 420
41 2097 410
42 2131 457 TFM G
43 2209 458 TF 'M G
44 2244 458 TFD G
T F = theaflavin; TFMG=theaflavin-3-monogallate; T F 'M G =  
theaflavin-3'-monogallate; TFDG  = theanavin-3,3'-digallate.
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Fig 4. HPLC analysis of whole black tea liquors produced from a Kenyan tea with increasing 
fermentation times, (a) 30 min; (b) 90 min; (c) 150 min. (TR peak areas: (a)*=525, (b)=1769, 
(c)= 2532; TF peak areas: (a)= 1989. (b)=4671, (c)=4!62).
Figure 4 shows H PLC  chrom atogram s from liquors obtained from Kenyan tea 
samples taken at 30 ,90  and 150 min during fermentation. These profiles not only 
show a significant increase in the num ber o f TR peaks during fermentation, 
particularly in the middle section of the trace, but also dem onstrate that such 
com pounds are formed by fermentation and are not artefacts of storage or sample 
preparation. It is also interesting to  note the differences between these profiles of the 
Kenyan tea and the Malawi tea shown in Fig 2.
The peaks of the chrom atogram  shown in Fig 4 have been collated and 
represented in Fig 5 as changes in total theaflavins (peaks 39, 42, 43, 44) and 
thearubigins (assumed peaks 1-38). Although the theaflavins are shown to  be the 
major contributors to  liquor colour (OD 450) throughout fermentation, th e T R :T F  
ratio  increased from 1:4 at 30 min to  1:1*5 at 150 min. The loss of total theaflavins 
between 90 and 150 min fermentation is also apparent and has been reported to  be 
due to  oxidation (Robertson 1983a). Though T F  degradation is likely to  occur 
throughout fermentation, their loss is only observed when the gallocatechins have 
been depleted (Robertson 1983b). It is therefore probable that a major proportion
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of the thearubigins, which continue to increase between 90 and lSOmin 
fermentation, can be attributed to T F  degradation products.
The increase in the num ber of peaks in the middle region of the H PLC  
chromatograms shown in Fig 4 is complemented by striking changes in tea tasters' 
assessments of the liquors. In contrast to their description of ‘very thin and light’ at 
30m in fermentation, the tasters' comments at 90m in were ‘a little thickness' 
followed by ‘thick and plain' at 150-min fermentation. Since there is a decrease in 
total theaflavin content between 90 and 150 min, changes in the tea tasters' 
perception of tea quality are therefore due to  the increased formation of 
thearubigins combined with the loss of sensory characteristics associated with the 
theaflavins. Generally, the changes described by the taster were related to  mouthfeel 
rather than colour, and this perhaps emphasises the importance of the thearubigins 
in providing the body and mouthfeel characteristics of black teas.
In order to understand the origins, nature and sensorial impact of the 
thearubigins, an in-vitro model fermentation system, similar to  that of Robertson 
and Bendall (1983), has been developed. Since the catechins are a m ajor source of 
pigmented products in black tea, the system was established to  enzymically oxidise 
purified catechins as single compounds, pairs and more complex mixtures under 
controlled conditions.
Figure 6a illustrates the peaks obtained by H PLC  analysis of a whole tea liquor 
compared with those produced by in-vitro oxidation of a standard catechin mixture 
based on the shoot composition of the Malawi clone SFS 204 (Fig 6b). Although a 
considerable number of the pigmented com pounds in black tea can be synthesised 
from the six catechins, under the conditions described the model system does not 
produce all the components separated from a black tea liquor. This may be due to 
the use of inappropriate conditions or to  the lack of a precursor.
Studies using single and paired catechins in the model system have indicated that 
all of them are implicated in TR formation (Robertson 1983a) (Table 2), but 
epigallocatechin gallate particularly is involved in those appearing in the earlier 
part of the chrom atogram . These results dem onstrate that the combined 
application of the model fermentation system and the newly developed H PLC
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Fig 6. (a) HPLC analysis of whole black tea liquor; (b) peaks produced from HPLC analysis of an in- 
vitro oxidation of a catechin mix (peak notation according to Table 2).
system have the potential to identify factors influencing TR production. In addition, 
on scaling up, this approach will permit the isolation of specific products for 
structural characterisation. Such investigations are in hand.
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